Response of chickpea to different soil pH and texture by Howey, Emma Victoria










This thesis is presented for the degree of 












DECLARATION PAGE:  
 
I declare this thesis is my own account of my research and contains as its main content, 
work which has not been previously submitted for a degree at any tertiary education 
institution.  
 



















Soil pH and texture are important properties that affect chickpea growth and rhizobium 
nodulation. The current pH (CaCl2) and texture recommendations in Western Australia 
are a pH of 5.5 and above in fine textured soils such as clays or loams. This project was 
conducted to determine the impact of soil texture and pH on the growth rate of 
chickpea.  
Three soil types (sandy loam, loamy sand and sandy clay loam) were utilised for a field 
trial based in South Burracoppin and a glasshouse experiment based at Murdoch 
University. The field trial was conducted with five cultivars per soil type. The soil types 
varied in surface and subsurface pH from 4.0 to 5.6. While, the glasshouse experiment 
was conducted with one cultivar and three soil types. The original soil was treated with 
CaCO3 to provide five pH (CaCl2) treatments per soil type.  
The field trial utilised a variety of non-destructive measurements such as emergence 
counts, and for canopy cover three techniques were investigated (normalised difference 
vegetation index, fractional green canopy cover, leaf area index). Plant biomass (root, 
shoot, pods) and nodulation were investigated 44 and 129 days after sowing, at harvest 
grain yield was measured. The measurements taken during the glasshouse experiment 
include emergence, branching counts and canopy cover. The final harvest measurements 
included shoot and root weights as well as the nodule counts and weights.  
The sandy clay loam soil type produced an above average crop despite being an 
unsuitable soil pH of 4.9, while both the sandy loam and loamy sand produced a below 
average crop due to a combination of unsuitable soil pH, soil texture and sub surface 
toxicities such as aluminium. In the glasshouse experiment, the treatments of pH 
showed no significant difference in plant biomass and root nodulation from the lower 
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Legumes, the third largest family of dicotyledonous plants, include the pulses that are 
important in human diets globally. Cicer arietinum L. (or chickpea) is a major pulse 
crop that is important to modern agriculture (Hernandez and Hill 1983).  
Chickpea is a cool-season annual legume crop that is mainly grown in arid and semi-
arid regions (Kotula et al. 2015), that can fix atmospheric nitrogen when in a symbiotic 
relationship with rhizobium and produce a high protein grain for human and livestock 
production (Wolde-meskel et al. 2018). Grain legumes account for 33 % or more of 
human protein consumption (Sita et al. 2017; Jaiswal et al. 2018; Wolde-meskel et al. 
2018). Chickpea is not just a high protein grain for human and livestock  consumption; 
it is also an essential income source, especially for developing nations such as Ethiopia 
(Wolde-meskel et al. 2018).     
The export of chickpea has thrived in Australia, Canada, and the United States of 
America (Chauhan et al. 2017; Sita et al. 2017; Wolde-meskel et al. 2018). Chickpea is 
an important crop for developing and developed nations alike with research into 
increasing the yield of chickpea being of high importance (Sita et al. 2017).  
Chickpea reaches a height between 25 to 50 cm and is freely branched. Domesticated 
varieties typically have non-shattering pods that are several centimetres above the 
ground and typically contain one to two seeds. The pods are generally located on the 
primary and secondary branches, with less than 10 % being found on the main stem. 
Chickpea can grow tertiary stems; however, these contribute little to the yield of the 
plant (Hernandez and Hill 1983; GRDC 2017b; Sita et al. 2017).  
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The two types grown in Australia are desi and kabuli, which are distinguished from one 
another by the size, shape, and colour of the seeds (Siddique and Sykes 1997). 
Desi varieties typically weigh less than 26 g per 100 seeds. They are irregularly shaped 
and come in various colours. The kabuli varieties typically weigh more than 26 g per 
100 seeds, being more rounded, and typically have a pale seed coat colour (Hernandez 
and Hill 1983). Desi varieties chickpea contribute 70 to 80 % of Australia’s chickpea 
production (Harries 2005).  
1.1.1. Import, export, and yield  
Australia is one of the top ten producers of chickpea worldwide and is typically within 
the top four, although India produces 60 % or more of the world’s total chickpea 
production. Mean production for Australia of chickpea from 2015 to 2019 was 979,154 
tonnes. India produced 8,867,916 tonnes on average between 2013 and 2018 inclusive 
(FAOSTAT 2020).   
In 2018, chickpea’s total worldwide production was 17,192,188 tonnes, with Australia 
producing 998,231 tonnes while India produced 11,3800,000 tonnes (FAOSTAT 2020).  
When estimating the yield potential for chickpea, the number of plants per m2 is a good 
determinant. For example, 45 plants per m2 is described as a good crop, 40 plants per m2 
is considered an average crop, while 30 plants per m2 is described as a poor crop. The 
reduction in the number of plants per m2, by fifteen plants, can reduce the potential 
yield from 1.8 to 0.5 t/ha (Loss 1998). Another vital gauge of chickpea production is the 
local environment and the mean production from previous years. For example, in 
Western Australia, between 2013 and 2018, an average of 1.2 tonnes per hectare was 
produced (ABARES 2019). Yields of 2.0 tonnes per hectare has been produced in south 
Western Australia from commercial operations (Loss 1998).     
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1.2. Constraints  
Growth constraints for crops are classified as biotic or abiotic. Biotic constraints refer to 
the growth limiting factor resulting from living organisms. In the case of chickpea biotic 
constraints include Native budworm (Helicoverpa punctigera) and Ascochyta blight 
(Loss 1998; GRDC 2017b). Abiotic growth constraints are growth limiting factors 
resulting from physical interactions rather than living organisms. Abiotic growth 
constraints include rainfall and temperature (Rodrigues et al. 2006; Chauhan et al. 
2017). One of the main growth constraints for legumes and chickpea worldwide, is soil 
acidity (Graham and Vance 2000).  
1.2.1. Biotic  
1.2.1.1. Helicoverpa punctigera 
Native budworm is a moth present throughout most of the growing stages of chickpea. 
However, most of the damage to the plant is done during podding and grain fill stages, 
which occurs when native budworm is in a larvae stage (Loss 1998; GRDC 2017b).   
During this stage the caterpillars will enter the pods and eat either the entire seed or a 
portion of the seed. When the caterpillars are approximately 2 to 3 mm long, they do not 
cause significant damage but are able to enter small pods. The caterpillars cause the 
most damage to the overall crop when they are 20 to 40 mm long. Once they puncture 
the pod any growing seed will be aborted (Loss 1998). Native budworm is typically 
found in legume crops being grown in central and southern regions of Australia 
(Fuhlbohm 2004; GRDC 2017a) 
1.2.1.2. Black Spot  
Ascochyta blight is caused by a fungal pathogen (Ascochyta rabiei). The infection 
typically starts as a black spot on the pods, leaves, and stems of the chickpea plant. The 
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result of an infection is reduced yield and a reduction in the infected plant's overall 
growth (Fuhlbohm 2004; GRDC 2017b).  
1.2.2. Abiotic  
Abiotic constraints such as too much or too little rainfall and temperature can impact the 
growth and yield of chickpea and cause stress in the plants (Croser et al. 2003; 
Rodrigues et al. 2006; Chauhan et al. 2017). The term stress is defined as any 
disturbance that can adversely influence plant growth (Croser et al. 2003; Rodrigues et 
al. 2006).  
1.2.2.1. Rainfall  
The overall preferred annual rainfall amount for chickpea growth is between 300 mm to 
500 mm. Areas that receive less than 400 mm will typically grow desi varieties while 
areas that receive 400 mm or more will typically grow kabuli varieties (GRDC 2017a).  
1.2.2.2. Temperature  
The atmospheric temperature affects the growth and yield of chickpea. However, when 
the temperature increases by one degree (1 °C) above the upper threshold for growth, 
chickpea is under heat stress (Sita et al. 2017). However, the impact of heat stress on 
plant growth is determined by the intensity and duration of the exposure to higher 
temperatures (Sita et al. 2017).  
Chickpea can grow in areas with a temperature range of 2 °C to 40 °C (Croser et al. 
2003; GRDC 2017b). However, the optimum temperature range is between 15 °C and 
30 °C. When temperatures consistently exceed 35 °C, the growth rate and yield can be 
negatively impacted. Some of the impacts of consistently high temperatures are 




While chickpea can grow in temperatures less than 15 °C, it is not ideal. Temperatures 
between -1.5 °C and 15 °C are described as the chilling range, while temperatures less 
than -1.5 °C are described as freezing (Croser et al. 2003).  
When chickpea consistently experiences temperatures within the chilling range, the rate 
of flower and pod abortion increases. The impacts of chickpea consistently experiencing 
temperatures described as freezing reduce plant resources' mobilization, reducing the 
seed size and causing seed coat discolouration (Croser et al. 2003).  
Pods do not begin to form until the average daily temperature is 15 °C. In the southern 
cropping region,  average daily temperatures does not reach 15 °C until September or 
October (Loss 1998).  
1.2.2.3. Soil  
The soil matrix is involved in interactions between water, air, mineral matter, and 
organic matter. The interactions have significant implications for soil characteristics 
such as soil pH. The mineral matter determines the soil particles size which together 
with the organic matter affect the size distribution of the pores within the soil. The 
proportions of soil particles and the size of the pores within the soil determine the water 
holding capacity of the soil and the root zone aeration (Hillel 2004a, 2004b; Conklin 
and Ebrary 2005).  
1.2.2.3.1. Soil texture  
Soil particles can be classified as sand (0.05 – 2.0 mm), silt (0.002 – 0.05 mm) or clay 
(<0.002 mm) based on the size of the particles (Hillel 2004a). To determine the soil 
texture class, each soil type’s percentages of sand, silt and clay are plotted on a textural 
triangle (Conklin and Ebrary 2005).  
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The larger particles (i.e., sand and silt) mainly provide the soil’s physical characteristics 
and determine the rate of aeration and drainage. These soil particles are typically 
chemically inactive (Hillel 2004a). 
While the smaller particles (i.e., clay) influence the  physical characteristics of soil, they 
are the main site for chemical reactions as well as the absorption of water and nutrients 
(Hillel 2004a). The absorption of water and nutrient holding capacity is related to the 
proportion of clay particles within the soil. When a high proportion of clay particles is 
present within the soil, waterlogging has a higher likelihood of occurring as the clay 
particles will hold onto more water and drainage will be restricted (Hillel 2004a, 
2004b).  
The texture of soil can have an impact on the growth of plants. Duplex soils typically 
have distinct layers of coarse textured soil overlying finer textured soil (French and 
Ewing 1989). Of the four main legumes grown in southern Australia, lupins (Lupinius 
angustifolius), field pea (Pisum sativum), faba bean (Vicia faba), and chickpea, the only 
legume suited to finer textured soils is chickpea. Lupin, field pea, and faba bean, 
however, are more suited to duplex soils and sandy soils (French et al. 1992).   
For example, lupins produce high grain yields on coarse-textured soils such as sand and 
gravel. By contrast, lupins produce lower grain yields when growing on fine-textured or 
alkaline soils. This is thought to be due to the restriction on root growth. Crops with 
shallow root systems tend to produce high grain yields in fine-textured soils (French and 
Ewing 1989). Soil texture can restrict root growth, it also impacts the available space 
for air, water, organic matter and mineral material. In turn, the micro and macro pores 
within the soil also impact a soils ability to drain water from the system (Hillel 2004b).  
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1.2.2.3.2. Soil pH  
The soil pH is the measure of the acidity or alkalinity of the soil. When the soil pH is 
acidic (i.e. 1 to 6.9), there is an abundance of aluminium ions (Al3+) in the soil solution 
(Rodrigues et al. 2006; Abdulaha-Al Baquy et al. 2018). Soil pH can change over time, 
depending on the soil type, agricultural systems, fertiliser regimes, and environmental 
factors such as rainfall and temperature (Dolling and Porter 1994). In Western Australia, 
one of the major environmental concerns is the acidity soil acidity, with more than 70 % 
of soils in the top 10 cm have a pH that is less than ideal for most crops with the 
subsurface levels being increasingly more acidic than the top 10 cm (DAFWA 2013).  
The growth and reproduction of soil microbes such as bacteria and fungi are reduced as 
the soil pH becomes more acidic. However, the acidity of the soil will decrease more 
than just the growth of soil microbes. It will also reduce the overall population of the 
microbes (Brígido and Oliveira 2013). Soil pH also affects the availability of plant 
nutrients, and the solubility of toxic metals. Acidification of soil has been shown to 
increase the leaching of cationic nutrients which are essential for plant growth. The 
removal of the cationic nutrients from the system results in a decrease in plant 
productivity (Moore et al. 2004; Abdulaha-Al Baquy et al. 2018). 
Low soil pH (acidic) has been linked to an increased availability of soluble aluminium 
(Abdulaha-Al Baquy et al. 2018), iron and manganese as well as deficiencies in 
calcium, molybdenum, phosphorous, or magnesium (Abedi et al. 2013). Conversely, a 
soil with a high pH (or alkaline) has negative implications for growth as iron, zinc, 
manganese, potassium, and phosphorus become significantly reduced which in turn 




Crops are typically classified on a scale from extremely sensitive to extremely tolerant 
to different environmental factors such as large aluminium (Al3+) content within the soil 
solution (Hazelton and Murphy 2016). The level of sensitivity or tolerance changes 
from one variety to another. While the sensitivity changes from one variety to another, 
chickpea varieties are typically sensitive to acid soils and Al3+ within the soil solution 
(Singh and Raje 2011; Choudhury and Sharma 2014).   
The soil pH can positively or negatively impact the availability of nutrients within the 
soil solution (Moore et al. 2004; White 2005). The percentage component of sand, silt, 
clay and/or other organic compounds within the soil can impact the soils ability to 
buffer against changes in the soil pH. The buffering capacity of a soil is proportional to 
the clay and/or organic matter content of the soil. (Gazey 2009).  
The soil pH also determines the success rate of nodulation of Rhizobium and the success 
of the symbiotic relationship between chickpea and Rhizobium (Ferreira et al. 2016). 
The low soil pH reduces the overall population of Rhizobia, the extent of nodulation and 
as a result, the growth rate of legume plants is impacted negatively (Mohammadi et al. 
2012). Nodulated legumes, such as chickpea, tend to be less tolerant to Al3+ toxicity 
then that of non-nodulated legumes and other crops such as wheat (Jaiswal et al. 2018).  
Nutrients  
The nutrients required for plant growth are classified as macro or micro (trace) 
nutrients. Macro nutrients are nutrients that are required for good plant growth in large 
amounts while micronutrients are inorganic nutrients which are only required in small 
amounts (Lambers et al. 2015). The macronutrients are nitrogen, phosphorus, 
potassium, sulphur, calcium and magnesium (Moore et al. 2004; Gazey 2009), while 
molybdenum, iron, copper, manganese, boron and zinc are micro nutrients (Moore et al. 
2004; Gazey 2009). Micro nutrients include elements such as boron can be potentially 
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toxic when amounts of 3 mg/kg are detected within the grain (Moore et al. 2004; 
Lambers et al. 2015).   
The nutrients required for plant growth are nitrogen, phosphorus, potassium, sulphur, 
copper, zinc, molybdenum, manganese and iron. In Western Australia, soils were 
typically deficient in phosphorous, nitrogen, copper, zinc, and molybdenum. This is due 
to the soils of Australia being highly weathered as well as the removal of nutrients, in 
crops, from the system. For example, chickpea typically removes 30 kg/t of nitrogen, 
and 2 kg/t of sulphur and calcium (Moore et al. 2004).  
Acidic soils are often accompanied by the presence of toxic ions such as aluminium 
(Al3+), and manganese (Mn2+) which are both major growth limiting factors (Kochian 
1995).  
When the levels of nutrients are below the required or adequate levels, deficiencies 
occur. Deficiencies can result in necrosis of young leaves (e.g. boron and calcium), 
yellow old leaves (e.g. phosphorus), necrotic spots on old leaves (e.g. potassium). Due 
to the impacts of soil pH on the levels of nutrients within the soil, some nutrient 
deficiencies occur in acidic soils while other deficiencies occur in alkaline soils. 
Calcium deficiencies typically occurs in acid soils, alkaline sodic soils and soils with a 
high aluminium content within the soil solution. Deficiencies such as boron and calcium 
are not common in Australia (Fuhlbohm 2004; Moore et al. 2004).  
Aluminium  
As aluminium is the third most abundant element within the earth’s crust, aluminium 
toxicity is a major issue in acid soils which can limit the root growth and subsequent 
yield of a plant (Krstic et al. 2012). 
Approximately 50 % of the world’s arable land is considered acidic with an underlying 
aluminium toxicity problem while 67 % of the world’s acidic soils are reported as 
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having Al toxicity (Jaiswal et al. 2018). Aluminium toxicity slows the rate of cell 
division, and subsequent growth, in the roots and prevents the roots from elongating. 
The roots will become brittle and deformed (Gazey 2009). However, the main impact at 
the roots is found at the root apex. The root apex is the main site of nutrients and water 
uptake with impacts on plant growth being felt within two hours of exposure to Al3+ 
(Kochian 1995). The roots can present with stubby roots while the shoots will typically 
present with a general shrivelled appearance and a decrease in the yield 
Aluminium toxicity has negative implications for plant growth beginning with restricted 
root growth, which in turn, restricts the plants ability to absorb water and nutrients 
leaving the plant increasingly vulnerable to drought (Marschner 1991).  
Plant species are often classified as sensitive or tolerant to aluminium toxicity. When 
the soil solution aluminium concentration is between 2 and 5 mg/kg, aluminium is toxic 
for sensitive species. However, aluminium content becomes toxic to tolerant species 
when the aluminium concentration is 5 mg/kg or more (Gazey 2009). Other soil 
properties that help to predict whether the aluminium content is toxic or not, are the soil 
pH (CaCl2), the electrical conductivity of the soil (1 : 5 dS/m) and the exchangeable 
aluminium as a percentage of the cation exchange capacity (Hazelton and Murphy 
2016).   
The impacts of aluminium (Al3+) toxicity are felt when the soil pH is less than 4.5 
(CaCl2) (Barabasz et al. 2002; Jaiswal et al. 2018). When the soil pH is neutral or 
mildly acidic, the aluminium is primarily in an insoluble form, which is not toxic 
(Kochian 1995). However, as the pH of the soil decreases, an increased concentration of 
toxic Al3+ is available within the soil solution. Al3+ is highly mobile in soil when the pH 
is between 4.0 and 4.5 (Barabasz et al. 2002). It is worth noting that not all species or 
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cultivars have the same level of sensitivity or tolerance to aluminium toxicity (Scott et 
al. 2008; Singh and Raje 2011; Krstic et al. 2012).  
Al3+ has a negative impact on plant growth. The roots and shoots will typically present 
with stunted growth. The roots can present with stubby roots while the shoots will 
typically present with a general shrivelled appearance and a decrease in the yield (Scott 
et al. 2008; Singh and Raje 2011; Krstic et al. 2012; Choudhury and Sharma 2014).  
Manganese  
Another factor that limits plant growth on acid soils is manganese toxicity. While 
manganese is an essential plant nutrient, excess manganese can result in toxicity 
(Lambers et al. 2015). Manganese plays an important role in the redox reactions and as 
an activator for enzymes (Lambers et al. 2015) .  
As a result of the process manganese is involved in, the levels of manganese can be 
determined by analysing the leaves of the plants in question. Crops that contain 50 µg 
Mn g-1 within the dry weight of leaves have sufficient Mn for maximum growth and 
yield, while crops that contain 200 to 3500 µg Mn g-1 within the oven-dry leaves have 
reached critical toxicity levels (Lambers et al. 2015).  
Carboxylates are organic anions released from crop roots that do not contain the organic 
acid component (Lambers et al. 2015). Crops that release large amounts of carboxylates 
typically have higher levels of Mn within the leaves, while plants that release smaller 
amounts of carboxylates will have lower levels of Mn (Lambers et al. 2015).  
Sensitive species, such as chickpea, typically begin displaying manganese toxicity 
symptoms when 65 mg/kg or more of manganese is detected within the soil extracts, 
and the soil has a pH level (CaCl2) of 4.7 or lower (Fernando and Lynch 2015; Hazelton 
and Murphy 2016).  
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While the impacts of aluminium toxicity is typically seen in the root system, the impacts 
of manganese toxicity are commonly seen in the leaves. Typical symptoms of 
manganese toxicity include leaf chlorosis and dark inclusions. Both symptoms can be 
interpreted as signs of stress. A distinctive indicator of manganese toxicity is leaf black 
spot (Broadley et al. 2012; Fernando and Lynch 2015). Manganese toxicity typically 
occurs in very acidic or waterlogged soils (Fuhlbohm 2004; Moore et al. 2004; 
Fernando and Lynch 2015). While manganese toxicity has major implications for the 
growth of plants, the levels of manganese are rarely high enough in Western Australia 
to be toxic (Gazey 2009). Manganese deficiency leaves plants susceptible to damage 
from freezing temperatures as well as soil borne root rotting fungal diseases (Broadley 
et al. 2012). A symptom of manganese deficiency specifically within legumes is 
intercostal chlorosis on the younger leaves (Broadley et al. 2012).   
Boron  
While soils with less than 0.5 ppm hot-water extractable boron can be considered 
deficient, only a few ppm boron may cause plant toxicity. One of the symptoms of 
boron toxicity is the edges of the leaves turn yellow in colour, with necrosis occurring 
within the yellow edging. Boron toxicity typically occurs in alkaline calcareous soils in 
low rainfall areas of southern and Western Australia (Fuhlbohm 2004; Moore et al. 
2004; Fernando and Lynch 2015).    
1.2.3. Amelioration of Soil  
The management of acid soils within commercial agriculture is dependent on the 
introduction of effective soil management practices. The practices utilised depend on 
the soil texture and pH and the acidification rate generated within the carbon and 
nitrogen cycles (Kopáček et al. 2013). One method to correct the soil pH is through the 
application of calcium carbonate (Jaiswal et al. 2018).  
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1.2.3.1. Lime  
Soil pH can be corrected through treatments such as liming with calcium carbonate 
(CaCO3), the addition of organic matter and/or by the use of Al3+ tolerant species 
(Jaiswal et al. 2018). The impact of lime can be measured at a depth of 30cm (Hall and 
Lemon 2010; Anderson and Bell 2019) particularly when the surface soil has a pH 
(CaCl2) of 5.5 (Anderson and Bell 2019; Li et al. 2019).  When soil is treated with 
calcium carbonate, the soil organic carbon mineralisation level is stimulated by 
increasing the soil pH. This results in the reduced availability of Al3+ and increased 
availability of calcium, NH3 and other nutrients (Hungria and Vargas 2000; Jaiswal et 
al. 2018).  
In turn, the microbial population has an increased potential for survival and 
effectiveness through the efficient use of carbon in limed soil. Using calcium carbonate 
to lime the soil enhances the ionic strength within the soil solution, which increases the 
competition for binding sites of cell membranes between aluminium and calcium. 
Adding calcium carbonate into the soil subsurface solution can result in improved 
rooting systems and symbiosis between legumes and Rhizobia (Hungria and Vargas 
2000). However, adding calcium carbonate to the subsurface is expensive (Brooke et al. 
1989) and has poor distribution during tillage which may not be economically feasible. 
(Gourley 1987; Foy 2008).  
The impact of calcium carbonate will be determined by the activity of H+ and Al3+ ions 
within the soil solution (Sanzonowicz et al. 1998). When H+ and Al3+ are highly active 
and the aim is to reduce Al3+ at depths of 10cm or more, a higher rate of lime should be 
applied (Whitten et al. 2000; Anderson and Bell 2019). Lime has a low solubility and 
limited mixing especially in no-till cropping systems such as in south of Western 
Australia (Whitten et al. 2000; Anderson and Bell 2019). Liming has been utilised in 
Victoria to alleviate soil acidity in combination with deep ripping to reduce compaction 
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of the soil and increase mixing of the calcium carbonate application (Brooke et al. 
1989). Brooke et al. (1989) found that applying 2.5 t ha-1 of calcium carbonate 
increased the surface soil pH (CaCl2) to 5.51, and the subsurface to 4.38. This suggests 
that the application rate of calcium carbonate should be determined by the farming 
practices and soil pH (CaCl2) however in the case of severely acidic soils the calcium 
carbonate application will have limited impact.    
1.2.3.2. Rhizobium  
Rhizobium is a group of bacteria found in soil that can fix atmospheric nitrogen (N2) 
into a form plants can utilize (NH3). Rhizobium only fixes N2 into NH3 when in a 
symbiotic association within nodules of  legumes such as chickpea (Jaiswal et al. 2018).  
Without a symbiotic relationship, Rhizobium cannot fix atmospheric nitrogen (Brígido 
and Oliveira 2013; Haskett et al. 2016; Howieson et al. 2016). When chickpea and 
Rhizobium form a symbiotic relationship, more than 70 % of the chickpea crop’s 
nitrogen needs can be fixed from the atmosphere (Brígido and Oliveira 2013; Haskett et 
al. 2016).  
The successful of nodulation and the effectiveness of the symbiotic relationship 
between chickpea and Rhizobium is determined by the soil pH with the low soil pH 
reducing the overall population of Rhizobia, the rate of nodulation and as a result, the 
growth rate of legumes and Rhizobia is impacted negatively (Mohammadi et al. 2012; 
Ferreira et al. 2016).    
1.2.3.2.1. Benefits  
The symbiotic relationship between chickpea and Rhizobium has many benefits, such as 
improved plant growth and improved soil fertility. Interestingly, legumes are the only 
plant family that can form root nodules with soil Rhizobia and convert the atmospheric 
N2 into NH3 (Jaiswal et al. 2018).   
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1.2.3.2.2. Influencing factors  
When choosing which inoculant to utilise there are two main considerations that need to 
be made. They are the crop to be inoculated and the environment where they will be 
grown. CC1192 is just one strain of Rhizobia that is able to form a symbiotic 
relationship with chickpea (Haskett et al. 2016).  
Hot, dry environments can be detrimental to Rhizobia growth (Howieson et al. 2016). 
Soil moisture content is also another consideration (Denton et al. 2017). These 
conditions can impact the overall population size, health and effectiveness of rhizobia. 
(Rodrigues et al. 2006).  
1.2.3.2.3. Inoculation  
The strain of Rhizobium that inoculates chickpea does not occur naturally in Australia, 
so inoculation is required for the symbiotic relationship to occur (Howieson 2004).  
The three main inoculation methods include peat inoculant, liquid inoculant, and a 
granular inoculant (Denton et al. 2009). The traditional method of application utilized in 
Australia is a peat inoculant or a peat slurry. A peat slurry is created using a finely 
milled peat that has been sterilized using gamma radiation. A high concentration of 
Rhizobia is added to the sterilised peat at a rate typically around 109 to 1010 cells per g-1 
of peat (Denton et al. 2009).  The peat inoculant would typically be applied with an 
adhesive to the seed as this results in the Rhizobia being located in the direct vicinity of 
the emerging root (Denton et al. 2017). When the peat inoculant is applied with an 
adhesive it is especially time consuming especially with large seeded varieties and 
increases the sowing timeframe (Denton et al. 2017).  
The application of liquid and granular Rhizobium is advantageous as they deliver the 
inoculant directly to the soil which provides more flexibility as well as reducing the 
time spent applying inoculant to seeds (Denton et al. 2017). Soil application is preferred 
for crops such as soybean (Glycine max L.) and subterranean clover (Trifolium 
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subterranean L.)  as the hypogeal germination lifts the seed coat towards the surface 
during germination. If the seed has been coated in the inoculant, this results in the plant 
pushing the inoculant away resulting in a reduced likelihood of nodulation occurring. 
Nodulation from granular application occurs deep in the soil profile on the lateral roots. 
This has resulted in granular inoculation being associated with increased yield due to an 
increase in N2 fixation late in the season (Kyei-Boahen et al. 2002; Denton et al. 2017)  
1.3. Soil pH and textural recommendations for chickpea and rhizobium  
Chickpea has been successfully grown on coarse and fine textured soils. For example, 
chickpea has been successfully grown in coarse textured soils in the Thal Desert, 
Pakistan (Loss 1998; Ahlawat IPS 2007) and in fine textured soils in northern New 
South Wales (Loss 1998). Recommendations suggest that the soil pH (CaCl2) should be 
between 6.0 and 9.0 however in Western Australia the recommendations state that the 
pH (CaCl2) should be greater than 5.5 (Harries 2005; GRDC 2017b). The pH (CaCl2) 
that is unsuitable for the growth of pulses is on soils that are <4.5 (Harries 2005). If the 
subsurface soil pH (CaCl2) is 5.5 or above then the surface pH (CaCl2) can be as low as 
5.0 (GRDC 2017a). As chickpea is susceptible to water logging, soils need to have good 
structure or be on a soil with good drainage. Suitable soils in south-west Western 
Australia are deep, loamy soils such as sandy loams, clay loams and other well drained 
soils (Loss 1998; GRDC 2017b). 
Duplex soils are typically less reliable than a uniform soil. This is due to duplex soils 
having increased drought impacts during dry seasons and increased risk of water 
logging during wet years. Deep red or brown clay soils are good soils to produce 
chickpea as the soil is fine textured and has good water holding capacity (French et al. 
1992; Gregory 1998; Brennan and French 2005).  
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Agricultural practices are accelerating the rate of acidification of arable land.  50 % of 
the world’s arable land is now considered acidic (Jaiswal et al. 2018), with 67 % of the 
acidic arable land considered to have an underlying aluminium toxicity issue (Jaiswal et 
al. 2018). The increasing rate of soil acidification and aluminium toxicity is cause for 
concern around cropping as the suitable locations for chickpea growth based on climate, 
soil texture and soil pH further limit the expansion of chickpea production areas.  
1.4. Objectives  
Chickpea is of the important sources of protein in developed and developing nations; 
however, chickpea’s growth rate is adversely affected by low soil pH and sandy texture 
and the presence or absence of rhizobium. Due to accelerated acidification of soils 
under conventional agricultural systems, the current agricultural zones deemed suitable 
for chickpea production may become less suitable as the soil pH decreases. It is 
essential to understand the interaction between soil pH and texture on chickpea 
production as soil pH decreases to levels deemed marginal for growth.  









2. Methods  
2.1. Site and soil information 
A field trial was set up at South Burracoppin, Western Australia (-31.56667°S, 
118.11667°E) (Google 2020). South Burracoppin is located in an area that is classified 
as having a Mediterranean climate. The Mediterranean climate is typically a cool, wet 
season (April to October) followed by a warm, mostly dry season (November to April) 
(Pook et al. 2012). The trial was set up on three sites of different soil texture; site 1 – 
sandy loam, site 2 – loamy sand, and site 3 – sandy clay loam (Table 1). The sites were 
within three kilometres of each other (Google 2020). 
The chemical properties of the three soil types were analysed by CSBP laboratories, 













Table 1: Soil chemical properties of three soils (site 1- sandy loam, site 2 – loamy sand, and site 
3 – sandy clay loam) utilised for the field trial. Analysis completed by CSBP Laboratories, 
Bibra Lake, WA.*(Rayment et al. 2011) **(Bromfield 1987) 
Soil texture class  Sandy loam Loamy sand Sandy clay loam Method 
Soil depth (cm) 0 – 10 10 – 20 0 – 10 10 – 20 0 – 10 10 – 20 
pH (CaCl2)   4.6 4.0 4.6 5.6 4.9 5.3 4B41*  
pH (H2O)   5.2 4.3 5 6.4 5.8 6.4 4A1* 
Aluminium CaCl2 mg/kg 2.14 23.65 3.7 0.42 0.81 0.35 ** 
Exc. Aluminium meq/100g 0.3 1.068 0.301 0.105 0.154 0.096 15E1* 
Organic Carbon % 0.7 0.26 0.25 0.20 0.62 0.43 6B1* 
Conductivity dS/m 0.089 0.050 0.364 0.056 0.109 0.071 3A1* 
Ammonium Nitrogen mg/kg 7 1 7 < 1 6 1 7C2b* 
Nitrate Nitrogen mg/kg 33 5 83 8 28 9 7C2b* 
Phosphorus Colwell mg/kg 42 5 40 18 44 29 9B and 18A1* 
Potassium Colwell mg/kg 40 15 42 27 193 116 9B and 18A1* 
Sulfur mg/kg 22.5 45.8 120.1 10.3 19 15.1 10D1* 
DTPA Copper mg/kg 0.4 0.33 0.78 0.32 0.95 0.86 12B1* 
DPTA Iron mg/kg 43.93 21.23 54.34 37.07 32.2 22.58 12B1* 
DPTA Manganese mg/kg 1.56 0.43 5.89 0.92 61.81 21.01 12B1* 
DTPA Zinc mg/kg 0.24 0.15 0.54 0.11 0.48 1.54 12B1* 
Exc. Calcium meq/100g 1.59 0.47 1.7 0.94 2.37 3.99 15E1* 
Exc. Magnesium meq/100g 0.23 0.09 0.57 0.26 1.12 0.67 15E1* 
Exc. Potassium meq/100g 0.09 0.03 0.09 0.05 0.4 0.26 15E1* 
Exc. Sodium meq/100g 0.05 0.02 1.01 0.26 0.35 0.67 15E1* 




2.2. Field trial  
On each site, five chickpea cultivars (Ambar, Genesis 836, PBA HatTrick, Neelum and 
PBA Striker) were grown in a complete randomised block design with 4 replicates. 
Each plot had an area of 3.75 m2 with each plot being 3 m long and 1.25 m wide. The 
plots were sown on the 11th and 12th of June 2019 with a seed rate between 96 and 117 
kg/ha, based on the weight of the seed to obtain a plant density of 45 plants/m2; with 
approximately 1 teaspoon of rhizobium CC1192 (in a peat carrier) applied with 10 L of 
water along the rows of each plot. Fertilisers applied were 25 kg/ha of Gusto Gold 
(N:10.2 P:13.1 K:12.0 %) at the time of sowing plus 40 kg/ha (P:17.6-20.2 %) of triple 
super phosphate was also applied 17 days after sowing (DAS). 
During the final harvest, soil samples were taken from each site from the surface (0-10 
cm) and the subsurface (10-20 cm). The samples were taken from replicate 2 from plots 
1, 3 and 5. The soil pH was tested (Asher et al. 2002) using 10 g of soil, 50 ml of water 
and 1 ml of 0.5 M CaCl2. 
Table 2 indicates the dates of all measurements collected at the site, soil water, weather 
data and plant growth parameters. At each site volumetric soil water content (θv, %)  
was measured with theta probes (Delta T Devices) logged by a MEA bug (ICT 
International). At each site two probes were installed vertically at 20 cm depth and two 
probes were installed at 40 cm depth within experimental plots. Soil water 
measurements were logged every thirty minutes, from the 12th of June to the 12th of 
December. Initially the logger at the loamy sand site malfunctioned and was replaced on 
the 25th of July 2019.  Another disruption to data collection was between the 16th and 
22nd of August, as data loggers overwrite data after thirty days. At the loamy sand site 
daily rainfall, maximum, minimum and average temperature and solar radiation was 
measured by a Hobo weather station.  
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At two locations in each plot 66 DAS plant emergence was counted in two rows of 1 m 
length (Table 2). Length, width and height measurements and branch numbers were 
taken of 10 plants selected at random.    
At three locations per plot, an overhead photo was taken of the plants which covered an 
area approximating 0.75 m2 and processed using the Canopeo application. The Canopeo 
application determines the fractional green canopy cover (FGCC, %). The number of 
green pixels (plant matter) is divided by the total number of pixels giving a percentage 
of the green canopy cover (Patrignani and Ochsner 2015; Chung et al. 2017). Above 
and below canopy measurements where conducted using a ceptometer (Decagon 
Devices, nc.). The ceptometer measures the photosynthetically active radiation above 
and below canopy to measure the leaf area index (Pietragalla 2012b; de Mattos et al. 
2020). Overhead normalised difference vegetation index (NDVI) measurements were 
also taken using the Green Seeker Handheld Sensor (Trimble). Measurements covered a 
circle diameter of 50 cm with the Green Seeker measuring radiation in the near infrared 
(NIR) wavelengths (810 ± 10 nm) and red wavelengths (650 ± 10 nm) (Pietragalla 
2012a; Anderson et al. 2016). NDVI is calculated as 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑁𝑁𝑅𝑅𝑅𝑅 𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑁𝑁𝑅𝑅𝑅𝑅�  
(Ali et al. 2020).  
During the growing season, plant samples were taken at 46 DAS (early plant growth) 
and 129 DAS (flowering). The roots and shoots of 10 plants were removed. The number 
of nodules and the location of the nodules on the roots (i.e. the crown or the laterals of 
the root system) were recorded. Oven dry biomass of the roots and shoots was recorded, 
and during the second sample, the pods were also removed, counted, and weighed.  
At maturity, the central two rows of each plot were harvested, comprising an area of 
0.75 m2. The biomass was then air dried under glass house conditions. Samples were 
analysed for total biomass, pod biomass, pod number, seed count and weight.     
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During the final harvest, soil samples were taken from each site from the surface (0-10 
cm) and the subsurface (10-20 cm). The samples were taken from replicate 2 from plots 
1, 3 and 5. The soil pH was tested (Asher et al. 2002) using 10 g of soil, 50 ml of water 












Table 2: Measurements taken for the field trial with X notating the days after sowing (DAS) that 
the measurement occurred. The methods for each measurement type, including explanations of 
abbreviations, are described in the text. 
Days After Sowing  44  66 101 115 129 134 184 
Soil water content (θv) X X X X X X X 
HOBO Weather Station X X X X X X X 















2.2.1. Statistical analysis  
The plant data were analysed using GenStat V19.1 (VSN International Ltd, United 
Kingdom) with a mixed linear model followed by the least significant difference (LSD) 
test at a 5 % significance level.  
The model utilised for analysis were:  
(1) Variable + Site + CV + Site.CV 
(2) Variable + Date + Site + CV + Date.Site + Date.CV + Site.CV + Date.Site.CV 
Were CV representing cultivar and Site represents the different soil types. Model 1 was 
used to analysed data collected once in the growing season while model 2 was used to 
analyse data that was collected more than once over the growing season. Some data 
NDVI X X X   X     
Early Sample X a       X a b     
Ceptometer (LAI)   X     X     
Emergence    X           
Branching      X         
Dimensions      X         
Harvest              X a b c 
a Root and shoot biomass; b pod number and weight; c seed yield and shoot biomass; LAI, 
Leaf area index; NDVI, normalised difference vegetation index; FGCC, fractional green 
canopy cover.    
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required transformation to normalise the variances (Table 3). Branching counts, 
dimensions, nodule count and Canopeo (FGGC %) have transformed data presented.  
Table 3: Data transformations that occurred.  
Data  Transformation 
Branching counts  Square root transformation 
Dimensions (length, width, height) Cube root transformation 
Shoot weight  Log transformed  
Nodule count  Log transformed 
Canopeo FGCC % Log transformed 
  
Plots in the loamy sand site (replicate 4, plots 1 and 2) had limited germination with 
many seeds being removed from the plot through external environmental factors: data 
collected from these plots was excluded from data analysis. 
2.2. Glasshouse experiment  
In the glasshouse, a replicated pot experiment was completed to analyse the response of 
chickpea (cv PBA HatTrick) to different pH on the three soils from the South 
Burracoppin site. The experiment ran for 39 days. One hundred and fifty (150) kg of 
soil from the top 10 cm was collected from each site. The soil was air dried and then 
passed through a 4 mm sieve. The chemical properties of the three soil types were 




Table 4: Soil chemical analysis of soils (0 – 10 cm) utilised for glasshouse experiment before 
treatment. Methods seen in Table 1.  
  Soil texture class  
 
Sandy loam Loamy sand Sandy clay loam 
pH (CaCl2) 
 
5.2 5.1 5.4 
pH (H2O) 
 
5.9 5.7 6.1 
Aluminium CaCl2 mg/kg 0.42 0.99 0.28 
Exc. Aluminium meq/100g 0.17 0.16 0.08 
Organic Carbon % 0.77 0.4 0.72 
Conductivity dS/m 0.07 0.171 0.192 
Ammonium Nitrogen mg/kg 6 7 8 
Nitrate Nitrogen mg/kg 21 36 60 
Phosphorus Colwell mg/kg 38 41 42 
Potassium Colwell mg/kg 39 55 339 
Sulfur mg/kg 17.1 36 38 
DTPA Copper mg/kg 0.41 0.53 0.84 
DPTA Iron mg/kg 27.7 38.6 21.7 
DPTA Manganese mg/kg 1.55 4.87 45.79 
DTPA Zinc mg/kg 0.33 0.5 0.45 
Exc. Calcium meq/100g 1.82 1.33 4.46 
Exc. Magnesium meq/100g 0.26 0.31 1.95 
Exc. Potassium meq/100g 0.07 0.09 0.64 
Exc. Sodium meq/100g 0.04 0.39 0.34 




2.2.1. Determining soil water content at field capacity and CaCO3 
requirements neutralise soil acidity 
The soil water content (g/g) at field capacity was determined using the method 
described by Asher et al. (2002). 
Calcium carbonate (CaCO3) was used the neutralise the soil to a target pH (Moroni et 
al. 2010; Fageria and Knupp 2014). For each soil type, an incubation test was conducted 
to determine the amount of CaCO3 is required to neutralise the soil to the target pH. The 
incubation experiment entailed mixing 100 g of soil with 6 rates of CaCO3 (0, 0.025, 
0.05, 0.1, 0.4, and 0.8 g). The sandy loam and loamy sand soils received 10 ml of water 
with the sandy clay loam soil receiving 8 ml of water. The soil was then incubated for 
fourteen days before the pH (CaCl2) was tested.   
2.2.2. Experimental Design  
For each soil type (sandy loam, loamy sand, or sandy clay loam) the experiment was in 
a complete randomised design within each soil type. Each soil type was treated to have 
5 target pH treatments (Table 3). The five target pH treatments varied for each soil type 
with the lowest pH being the soil with its original pH (CaCl2); 5.2 in the sandy loam, 
5.1 in the loamy sand, and 5.4 in the sandy clay loam. There were 10 replicates for each 
treatment, each replicate unit comprised one chickpea plant (cv. PBA HatTick) per pot.  
The pots were in a randomised design within the sites. The trays for each set of pots was 
also randomised.  
2.2.3. Preparation of soil and seed for sowing  
For each soil by pH treatment, 20 kg of airdry soil was well mixed with the required 
amount of CaCO3 to alter the soil pH (CaCl2), and 400 ml of deionized water was 
added. The mixed soil was then placed in plastic bags and left to incubate for seven 
days. Approximately 200 g of soil was subsampled for each soil x CaCO3 treatment for 
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pH (H2O and CaCl2) analysis. Each site had five target pH (CaCl2) levels, however due 
to the different starting pH (CaCl2) for each soil type this was different for each site 
(Table 5).  
The chickpea seeds cv. PBA HatTrick were sterilised with a 3 % hypochlorite solution 
for five minutes and then washed with deionised water. The sterilised seeds where then 
treated with a fungicide (P-pickle T Thiram (360 g/l) and thiabendazole (200 g/l)) 
(Nufarm 2020) and deionized water solution and let to dry. Twenty-four hours after 
sterilisation and treatment, the seeds where then left for two days to germinate between 
moist paper towels. The pots utilised were 9.5 x 7 x 17 cm. To stop the occurrence of 
free drainage, each pot was lined with a polyethene bag. The total mass of soil in each 
pot was approximately 1.4 kg. Each pot initially received approximately 1.2 kg of 
treated soil with an extra 200 g being treated with basal nutrients and added to the pot as 
the surface layer. One seed was sown to a depth of 2-3 cm in each pot. At the time of 
sowing, rhizobium CC1192 in a water solution was added to the soil at a rate of 1 ml/1 
kg. At sowing 150 ml of water was applied. 
Table 5: The target pH (CaCl2) and the achieved pH (CaCl2) after CaCO3 was applied for each 
soil type. 
 Achieved pH (CaCl2) 
Target pH (CaCl2) Sandy loam Loamy sand Sandy clay loam 
No change 5.2 5.2 5.7 
Level 1 5.2 5.4 5.8 
Level 2 5.4 5.5 5.9 
Level 3 5.5 6.2 6.5 
Level 4 5.8 6.7 7.0 
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2.2.4. Basal nutrient application 
Two hundred grams of soil for each pot was treated with basal nutrients (Table 6). The 
rates utilised are based on a study conducted by Bolland and Brennan (2008). The P 
rates utilised where less than that used by Bolland and Brennan (2008) as the initial P 
levels of the soil was 38, 41 and 42 mg/kg (Table 4), whereas the soil utilised by 
Bolland and Brennan (2008) had only 2 mg of P/kg. 
Table 6: The rate of nutrients applied to pots in glasshouse experiments Based on (Bolland and 
Brennan 2008) 
Nutrient Rate (mg/kg) Rate of target nutrient (mg nutrient/kg) 
KH2PO4 229.07 52 mg P /kg 
65.7 mg K/kg 
MgSO4.7H2O 50 4.9 mg Mg/kg 
CuSO4.5H2O 7 1.78 mg Cu /kg 
ZnSO4.7H2O 7 1.58 mg Zn/kg 
MnSO4 10 2.27 mg Mn/kg 
CoSO4.7H2O 0.22 0.046 mg Co/kg 
Na2MoO4.2H2O 0.22 0.098 mg Mo/kg 
H3BO3 0.2 0.35 B/kg 
2.2.5. Measurements  
The plants were housed in a temperature-controlled glasshouse from August 2020 to 
September 2020. Watering occurred every three days to 75 % of field capacity.  The 
measurements taken over the course of the experiment were emergence, branch number, 
as well as canopy dimensions (height, length and width) and at harvest, shoot and root 
biomass, root length, nodule count and nodule weight (Table 7). 
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Table 7:  Measurements taken for the glasshouse experiment with X notating the days after 
sowing (DAS) that the measurement occurred. 
Days after sowing 12 39 
Emergence Count X 
 
Branching Count X 
 





2.2.6. Harvest  
Plants were harvested 39 days after sowing (DAS). Each plant was cut at the bottom of 
the shoot and separated into shoots and roots. Soil samples (200 g) from each treatment 
were collected for final soil chemical analysis. Pots of soil were soaked with water 
before the roots were washed from the soil manually using running tap water. The 
number of nodules was recorded. The shoots, roots and nodules where dried for two 
days at 60 °C. The oven dried weight was recorded for all plant components.     
Five of the ten pots harvested per treatment were analysed using WinRHIZO Pro vs 
2007 (Regent Instruments inc.) for the total root length (cm). 
2.2.7. Statistical Analysis  
For each soil, plant data was analysed using a one-way analysis of variance (ANOVA) 
with a least significance difference (LSD) test to compare the means at a 5 % 
significance level. Analysis was completed between the pH levels within the soil type. 
As the pH levels were different for each soil type, no analysis comparing the soil types 
to each other was completed.   
The loamy sand soil type contained one pot which did not emerge. As a result, it was 
removed from all analyses leaving the 5.4 pH (CaCl2) treatment with one less replicate.  
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3. Results  
3.1. Soil type 
Analysis conducted on soil samples from the field trial using methods by McDonald et 
al. (1998) determined that the soil types are sandy loam, loamy sand and sandy clay 
loam (Table 8).  
Table 8: Clay, sand, and silt content (%) for each soil site subsequently used as part of the field 
trial and the glasshouse experiment. 
 Site 1 Site 2 Site 3 
Particle size Sandy loam Loamy Sand Sandy clay loam 
Clay % 14.2 9.4 19.7 
Sand % 82 89.5 74.4 
Silt  % 3.8 0.9 5.9 
3.2. Field trial  
3.2.1. Weather  
 The field trial was set up on the 12th of June and was harvested on the 12th of 
December. The total rainfall received throughout the field trial was 135.8 mm, with 26.2 
mm being the most rainfall received in a 24-hour period on the 23rd of June (Figure 1). 
Over this time frame, the minimum temperature was -1.27 °C (Figure 2),maximum 
temperature recorded was 44 °C, with the maximum temperature experienced before 





Figure 1: The daily (columns) and cumulative (line) rainfall measured over the field trial 
 
Figure 2: The minimum (dashed line) and maximum (solid line) temperature (°C) for South 
Burracoppin from June 2019 to December 2019 with red arrow indicating sowing date, blue 
arrow indicates harvest date.  
3.2.2. Volumetric Soil Water Content (%)  
Across the sandy loam, loamy sand, and sandy clay loam sites, the θv increased with 
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measured, with 2.6 mm of rain being measured on the 5th of July. In response, from the 
3rd of July to the 5th of July, the θv content increased at the sandy clay loam from 40 to 
42 % at the 20 cm depth, at the 40 cm depth θv increased from 39 to 44 %. When the 
rain measured did not exceed 1 mm the volumetric soil water content did not increase in 
at either 20 depth. 
The loamy sand site had a vast difference between the θv measured at 20 cm or 40 cm 
of depth.  The largest difference is seen on the 12th of October where the 40 cm depth 
probe measures 33 %, while the 20 cm depth measures 10 %. On the 8th of December, 
the difference is not as large with the 40 cm probe measuring 15 % while the 20 cm 
probe measured 11 %. This is a sharp decrease in the difference. Before the 8th of 
December, there was a minimum 10 % difference between the two depths.  
The sandy loam and sandy clay loam both had the θv at the 20 cm depth and 40 cm 
depth following roughly the same pattern of θv. The difference between the 20 cm and 




Figure 3: The volumetric soil water content (%) between 12/06/2019 and 12/12/2019, at 20 cm 
and 40 cm across the three soil types; sandy loam (pink), loamy sand (green), and sandy clay 
loam (blue). Dashed lines represent the probe at 20 cm depth, solid line represents the probe at 
40 cm depth. Columns represents the total daily rainfall (mm) for the same time period.  
3.2.3. Emergence  
The mean plant density did not alter considerably from emergence to harvest across all 
three soil types and cultivars. The sandy clay loam soil had a greater mean plant density 
(25.50 ± 0.74)  at emergence than the sandy loam (22.00 ± 0.74) and loamy sand (22.99 
± 0.82) soil types (P = 0.022, l.s.d. 2.22) (Table 9). At emergence, Genesis 836 and 
PBA Striker had a greater mean plant density, 27.67 ± 1.54 and 31.91 ± 1.61, 
respectively (P < 0.001, l.s.d. 4.96), while PBA HatTrick and Neelum had the lowest 
mean plant density, 19.07 ± 1.61 and 16.5 ± 1.54 , respectively (Figure 4). At 
emergence, there was no significant interaction between soil type and cultivar (P = 


















































Daily total rainfall (mm) Sandy Loam 20 cm
Sandy Loam 40 cm Loamy Sand 20 cm
Loamy Sand 40 cm Sandy Clay Loam 20 cm
Sandy Clay Loam 40 cm
34 
 
Table 9: Mean (± SE) emergence of plants per m2 across the three soil types (sandy loam, loamy 
sand and sandy clay loam). Soil types with the same letters notate no significant difference.  
Plants per m2 
 Sandy loam Loamy sand Sandy clay loam 
Mean 22.0 a 23.0 a 25.5 b 
± SE 0.74 0.82 0.74 
 
 
Figure 4: The mean emergence count (plant/m2) of) the five cultivars (Ambar, Genesis 836, PBA 
HatTick, Neelum, PBA Striker). Error bars indicate the ± 1 standard error. Means with 
identical letters are not significantly different.   
3.2.4. Branch number and plant dimensions  
The mean branching count was significant between the different soil types, cultivars and 
the interaction between the different soil types and cultivars (P < 0.001, site l.s.d. 1.49, 
cultivar l.s.d. 1.91). 
The number of branches measured within the loamy sand soil type were significantly 
lower than the sandy clay loam site. The sandy loam site contained a significantly lower 
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sites, the mean number of branches for Genesis 836 and PBA HatTrick were 
significantly lower than the mean number of branches for PBA Striker, Ambar and 
Neelum (Table 10).  
Table 10: The mean number of branches (± SE) (square root transformed data) for sandy loam, 
loamy sand and sandy clay loam by cultivar. Means with identical letters are not significantly 
different within soil type.  
 
Sandy loam Loamy sand Sandy clay loam Cultivar mean 
Mean ± SE Sig Mean ± SE Sig Mean ± SE Sig   
Ambar 1.93 0.213 bc 5.05 0.588 c 13 1.09 bc 6.66 
Genesis 
836 1.53 0.213 bc 2.93 0.588 ab 7.38 1.09 a 3.94 
PBA 
HatTrick 0.7 0.213 a 1.91 0.651 a 9.93 1.09 b 4.18 
Neelum 1.2 0.213 ab 3.93 0.588 b 14.5 1.09 c 6.54 
PBA 
Striker 1.35 0.213 b 6.08 0.651 c 11.13 1.08 b 6.18 
Mean 
soil type  1.34     3.98     11.2       
The mean dimensions of the plant canopies were significantly different among the 
different soil types, cultivars and the interaction between the different soil types and 
cultivars (P < 0.001) (Figure 5). Across all five cultivars, sandy loam produced 
significantly smaller canopies than loamy sand which was significantly lower than 
sandy clay loam (P < 0.001, l.s.d. 2.60).   
PBA HatTrick (9.75) was significantly smaller than the other cultivars on the sandy 
loam soil type. There was a significant difference between PBA HatTrick (21.1 cm3) 
and Neelum (25.3 cm3), Ambar (25.4 cm3), and PBA Striker (31.54 cm3). Genesis 836 
(22.92 cm3) was not significantly different from the other cultivars. PBA HatTrick 
(21.06 cm3) was significantly smaller than Neelum (25.3 cm3) and Ambar (25.4 cm3). 
Genesis 836 (22.92 cm3) was not significantly different from PBA HatTrick, Ambar and 
Neelum. PBA Striker (31.51 cm3) was significantly larger than the four other cultivars. 
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At sandy clay loam, PBA Striker (42.81 cm3) was significantly larger than that of 
Neelum (39.07 cm3), PBA HatTrick (33.27 cm3), Ambar (32.92 cm3) and Genesis 836 
(28.42 cm3). 
 
3.2.5. Fractional Green Canopy Cover (%) and Normalised Difference 
Vegetation Index (NDVI) 
The variables for the fractional green canopy cover (%) and the normalised difference 
vegetation index that proved to be significant were date (P < 0.001), soil type (P < 
0.001) and cultivar (P < 0.001). The following interactions between these variables also 
proved to be significant: between date and soil type (P < 0.001), date and cultivar (P < 
0.001), and soil type and cultivar (P < 0.001 (FGCC %) and P = 0.004 (NDVI)). The 
interaction between date, soil type and cultivar were not significant for fractional green 
canopy cover % (P = 0.111) but was significant for the normalised difference vegetation 












































Ambar Genesis 836 PBA HatTrick Neelum PBA Striker
B B    A   B   B
B   AB  A  B   C
    B   A   B    C    D 
Figure 5: The mean dimensions (length x width x height), with standard error bars (cube root 
transformed data), for Ambar, Genesis 836, PBA HatTrick, Neelum, and PBA Striker by soil 
type (sandy loam, loamy sand and sandy clay loam). Means with identical letters are not 
significantly different.  
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Across both measurements the following trends within the data are present. There is an 
increase in biomass accumulation over time across all three soil types. Both 
measurements taken DAS displayed an increase in biomass accumulation as the season 
progressed, with the sandy loam soil having the lowest values, indicating less biomass 
accumulation.  Measurements start to decline at 115 DAS to 125 DAS depending on 
cultivar and soil types and matches with observed crop senescence. The sandy loam site 
showed a marked decrease in biomass occurred between 101 DAS and 115 DAS for all 
cultivars While the decrease was less evident at the loamy sand for all cultivars, and 
sandy clay loam, cultivars Neelum and PBA HatTick continued to accumulate biomass 
between these two dates.  
Across the three soil types, PBA Striker, and Ambar, typically had a higher. Neelum 
and PBA HatTrick typically had a lower NDVI and FGCC %. PBA HatTrick and 
Neelum had a higher FGGC % at 115 DAS. The sandy clay loam had a significantly 




Figure 6: The mean (± SE) fractional green canopy cover (%) for a) sandy loam, b) loamy sand and  
c) sandy clay loam of the five cultivars (Ambar, Genesis 836, PBA HatTrick, Neelum and PBA Striker). 
101 das the FGGC % decreased for all five cultivars. PBA Striker and Ambar lost their 
canopy cover rapidly in comparison to PBA HatTrick, Genesis 836 and Neelum.  
The normalised vegetation index measures the state of plant health with values closer to 
1 representing dense green plants, while unhealthy plants or urbanised area will present 
with NDVI values closer to 0 (Pietragalla 2012a). The sandy loam recorded minimum 
and maximum NDVI values of 0.116 (Neelum) and 0.175 (PBA Striker) (Figure 7). 
Both were recorded 101 das. The loamy sand recorded minimum and maximum values 
of 0.189 (PBA HatTrick, 44 das), and 0.532 (PBA Striker, 101 das). After 101 das, all 
five cultivars recorded NDVI between 0.239 and 0.279. The sandy clay loam recorded a 
minimum NDVI of 0.141 44 das (PBA HatTrick), with a maximum NDVI of 0.646 101 



















































































contain healthy plants, while the loamy sand and the sandy clay loam site contained 
plants with healthy growth. A decline in the NDVI across the loamy sand and the sandy 
clay loam soil types occurred at 101 das when senescence was observed in the field.  
 
 
Figure 7: The mean (± SE) normalised difference vegetation index (NDVI) for a) sandy loam, b) 
loamy sand and c) sandy clay loam of the five cultivars (Ambar, Genesis 836, PBA HatTrick, 
Neelum and PBA Striker). 
3.2.6. Leaf area index  
The mean leaf area index of the chickpea plants was significantly different with soil 
type (P < 0.001, l.s.d. 0.0739) and cultivar (P < 0.001, l.s.d. 0.0860). However, there 
was no difference in LAI at the two measurement times of 66 and 129 DAS. The 
interaction between date and soil type was significant (P < 0.001, l.s.d. 0.0860). By 
comparing the mean leaf area index across the five cultivars, the two cultivars with the 
highest mean leaf area index are PBA Striker (0.4958) and Genesis 836 (0.4453) 



















































accumulation. PBA HatTrick (0.3988) was not significantly different from the other 
cultivars.  
 
Figure 8: the mean (± SE) leaf area index between the cultivars (Ambar, Genesis 836, PBA 
HatTrick, Neelum, and PBA Striker). Means presented with identical letters are not significantly 
different from each other.  
The mean leaf area index measured across the three soil types contained a pattern of 
growth (Table 11). The 66 das samples contained mean leaf area index from 0.085 
(Sandy loam), 0.294 (Loamy sand) to 0.408 (sandy clay loam). Each was significantly 
different from the other. The same pattern of growth can be seen in the 129 das samples. 
The sandy loam (0.144), loamy sand (0.516) and the sandy clay loam (1.00) were all 
significantly different from each other with sandy clay loam being significantly larger 
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Table 11: The mean (± SE) leaf area index of chickpea grown on three soil types (sandy clay, 
loamy sand or sandy clay loam) at 66 or 129 days after sowing. Means with the same letter are 
not significantly different from each other. Significance is across both sampling periods and 
three soil types (sandy loam, loamy sand and sandy clay loam).  
66 DAS 129 DAS 
 
Mean ± SE  Mean ± SE 
Sandy loam 0.085 a 0.0147 0.144 a  0.0142 
Loamy sand 0.294 b 0.0263 0.516 b 0.045 
Sandy clay loam 0.408 c 0.0193 1.00 c 0.0458 
 
3.2.7. Harvest  
Chickpea on the sandy clay loam soil had a greater mean plant density at harvest than the sandy 
loam and loamy sand soil types (P = 0.015, l.s.d. 4.28) (Table 12). At harvest, PBA Striker had 
a greater mean plant density, 31.5 plant/m2 (P < 0.001, l.s.d. 4.34) than all other cultivars, while 
PBA HatTrick and Neelum had the lowest mean plant density among cultivars, 17.1 and 15.3 
plant/m2, respectively (Figure 9). At harvest, the interaction between soil type and cultivar was 
not significant (P = 0.754). 
Table 12: The mean (± SE) number of plants/m2 at the final harvest between the soil types 
(Sandy loam, Loamy sand and Sandy clay loam). Means notated with identical letters are not 
significantly different.  
 Sandy Loam Loamy Sand Sandy Clay Loam 
Mean 20.47 a 20.16 a 27.07 b 




Figure 9: The mean (± SE) number of plants/m2 at the final harvest between the cultivars 
(Ambar, Genesis 836, PBA HatTrick, Neelum and PBA Striker). Means with the same letter are 
not significantly different.  
3.2.8. Plant Biomass  
Root biomass 
When comparing the mean root biomass data, the variables and interactions that are 
significant are date (P < 0.001), soil type (P = 0.010), cultivar (P < 0.001) as well as the 
interaction between date and soil type (P < 0.001).  
When comparing within dates the sandy clay loam site was significantly larger in both 
sampling dates (0.1387 g and 0.8915 g) than the loamy sand. Within the 44 days after 
sowing sampling period, the sandy clay loam site was not significantly different from 
the sandy loam site, however, the samples collected 129 days after sowing at the sandy 
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The mean root biomass for PBA HatTrick (0.3432 g) was significantly smaller than the 
four other cultivars which were not significantly different from each other (Figure 11).
 
Figure 10: The mean root weight (g) for soil types (sandy loam, loamy sand and sandy clay 
loam) at two sampling dates (44 and 129 days after sowing).  
 
Figure 11: The mean root weight (g) (± SE) across cultivars (Ambar, Genesis 836, PBA 
HatTrick, Neelum, and PBA Striker). Means with identical letters are not significantly different.   
Shoot biomass 
The interactions that were significant were date and soil type (P < 0.001), and date 
times cultivar interaction (P < 0.001).  
When comparing between soil types and sampling dates for each of the cultivars, the 















































B                         B                         A                          B                          B 
 
b          a          b 
 




days after sowing, each of the soil types were significantly different from each other 
with the sandy loam (3.122 g) and loamy sand (4.409 g) having significantly less 
biomass then that of the sandy clay loam (5.545 g). The sandy loam also had a 
significantly less shoot biomass then that of the loamy sand. Each of the cultivars 
showed a significant increase in mean log shoot biomass from the sandy loam, loamy 
sand and sandy clay loam. For example, PBA Striker showed an increase from 3.280 g 
(sandy loam), to 3.953 g (loamy sand) to 5.516 g (sandy clay loam) (Table 13). The 
same pattern of increase can be seen across the other four cultivars for samples collected 
















Table 13: The mean shoot weight (log transformed values in g/plant) for the chickpea cultivars 
(Ambar, Genesis 836, PBA HatTrick, Neelum and PBA Striker) on three soil types (Sandy loam, 
loamy sand, and sandy clay loam) at 44 and 129 days after sowing. Means with the same letters 




























 Shoot weight (log) 
Date 44 DAS 
Soil type Sandy loam Loamy sand Sandy clay loam   




Ambar 0.955 1.065 1.247 1.089 
Genesis 836 0.843 0.98 1.22 1.014 
PBA 
HatTrick 0.258 0.328 0.784 0.457 
Neelum 0.679 1.026 1.066 0.924 
PBA Striker 1.156 1.166 1.517 1.28 
Mean soil 
type 0.778 0.913 1.167   
Date 129 DAS 
Soil type Sandy loam Loamy sand Sandy clay loam   




Ambar 3.171 4.519 5.322 4.337 
Genesis 836 3.252 4.433 5.523 4.403 
PBA 
HatTrick 2.887 4.617 5.612 4.372 
Neelum 3.019 4.522 5.75 4.43 
PBA Striker 3.28 3.953 5.516 4.25 
Mean soil 
type 3.122 4.409 5.545   
Significance P- value lsd     
Date x soil 
type < 0.001 0.4706     
Date x 
cultivar < 0.001 0.4219     
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Nodule counts  
The nodule counts were compared for 129 days after sowing between soil types and 
cultivars. The factor that proved to be significant was the soil type (P = 0.010, l.s.d. 
1.562). Cultivar (P = 0.256) and the interaction between soil type and cultivar (P = 
0.931) were not significant.   
Of the three soil types, loamy sand had a significant increase in the mean nodule count 
(2.356 ± 0.828) over the sandy loam (0.086 ± 0.328) and the sandy clay loam (0.673 ± 








Figure 12: Mean log nodule number across the three soil types (sandy loam, loamy sand and 
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3.2.9. Pod count and weight  
Pod count  
The significant variable for pod count was seen in the soil type (Figure 13) in the order 
of Sandy loam (73.7), loamy sand (284) with sandy clay loam (728.1) containing the 
largest mean pod count (P < 0.001, l.s.d. 54.32). 
 
Figure 13: The mean pod count (± SE) for a) the soil types (sandy loam, loamy sand, and sandy 
clay loam). Means with identical letters indicate no significant difference.   
Pod weight  
The pod weight was significantly different across all soil types, the highest pod weight 
in the sandy clay loam containing 206.91 g/m2 pods (P < 0.005, l.s.d. 16.80), followed 
by the loamy sand (75.10 g/m2).  and sandy loam 14.74 g/m2 of pods (Figure 14).  
The pod weight was significantly different between the five cultivars (P = 0.005, l.s.d. 
13.82) with the highest pod count for PBA Striker (120.46 g/m2)  and Ambar (105.38 
g/m2), followed by Genesis 836 (100.42 g/m2), Neelum (89.53 g/m2) and PBA HatTrick 




























Figure 14:  The mean pod weight (t/ha) for a) soil type (sandy loam, loamy sand and sandy clay 
loam), and b) cultivar (Ambar, Genesis 836, PBA HatTrick, Neelum and PBA Striker), (± SE). 
Means presented with identical letters are not significantly different  
3.2.10. Grain yield 
At harvest, the grain weight showed significant differences among the individual sites 
(P < 0.001, l.s.d. = 1.562). In comparison, there was no significant differences among 
cultivars (P value = 0.256), and the interaction between site and cultivar was not 
significant (P value = 0.068). The sandy clay loam had 154 g/m2 (1323 %) more grain 
yield than the sandy loam and 105 g/m2 (172 %) more grain yield than the loamy sand 














































Figure 15: The mean seed weight (g/m2) (±SE) for the soil types (sandy loam, loamy sand and 
sandy clay loam). Means with identical letters are not significantly different.  
3.3. Glasshouse experiment  
3.3.1. Initial soil characteristics  
Initial soil pH (CaCl2), soil texture, and gravimetric water content at field capacity of 
the three soil types are described in Table 14. The soil texture classes were sandy loam, 
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Table 14: Initial soil chemical and physical properties of soil types utilised for the glasshouse 
experiment (sandy loam, loamy sand and sandy clay loam) *(Rayment et al. 2011) **(Bromfield 
1987) ●(Asher et al. 2002)  
 Site 1 Site 2 Site 3 Methods  






Field capacity A % 20.2 16.3 22.2 ● 
pH (CaCl2) 
 
5.2 5.1 5.4 4B41*  
pH (H2O) 
 
5.9 5.7 6.1 4A1* 
Aluminium CaCl2 mg/kg 0.42 0.99 0.28 ** 
Exc. Aluminium meq/100g 0.170 0.160 0.080 15E1* 
Organic Carbon % 0.77 0.40 0.72 6B1* 
Conductivity dS/m 0.070 0.171 0.192 3A1* 
Ammonium Nitrogen mg/kg 6 7 8 7C2b* 
Nitrate Nitrogen mg/kg 21 36 60 7C2b* 
Phosphorus Colwell mg/kg 38 41 42 9B and 18A1* 
Potassium Colwell mg/kg 39 55 339 9B and 18A1* 
Sulfur mg/kg 17.1 36.0 38.0 10D1* 
DTPA Copper mg/kg 0.41 0.53 0.84 12B1* 
DPTA Iron mg/kg 27.70 38.60 21.70 12B1* 
DPTA Manganese mg/kg 1.55 4.87 45.79 12B1* 
DTPA Zinc mg/kg 0.33 0.50 0.45 12B1* 
Exc. Calcium meq/100g 1.82 1.33 4.46 15E1* 
Exc. Magnesium meq/100g 0.26 0.31 1.95 15E1* 
Exc. Potassium meq/100g 0.07 0.09 0.64 15E1* 
Exc. Sodium meq/100g 0.04 0.39 0.34 15E1* 
Boron Hot CaCl2 mg/kg 0.60 0.54 1.34 12C2* 
A Gravimetric water content determined for glasshouse experiment 
3.3.2. pH response with CaCO3 soil amendment  
A logarithmic function was used to predict the required amount of CaCO3 to neutralize 




Table 15: Logarithmic function for sandy loam, loamy sand and sandy clay loam to determine 
the amount of CaCO3 (g/100g) required to alter the soil pH (CaCl2). 
Soil Equation R2 
Sandy Loam pH = 0.4862 ln(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3) + 7.7766 0.9111 
Loamy Sand pH = 0.5564 ln(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3) + 7.995 0.8558 
Sandy Clay Loam pH = 0.6873 ln(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3) + 7.96 0.9103 
Table 16 displays the pH (CaCl2) for each treatment level, and the amount of CaCO3 
added per 1 kg of soil.  
Table 16: The target pH (CaCl2) and final five treatment pH (CaCl2) after the addition of 
CaCO3 to the three soil types and the amount of calcium carbonate added to 1 kg of soil 
Treatment 
level 









pH (CaCl2) CaCO3  
(g) 
Control 5.2 0 5.1 0 5.7 0 
Level 1 5.4 0.04 5.4 0.05 5.8 0.24 
Level 2 5.5 0.07 5.5 0.08 5.9 0.37 
Level 3 5.8 0.25 6.2 0.28 6.5 1.20 
Level 4 6.3 0.89 6.7 0.81 7.0 3.31 
3.3.3. Chickpea plant growth parameters  
In all pots except for one, chickpea had emerged twelve days after sowing. This did not 
change before harvest occurred.   
Table 17, Table 18, and Table 19 display the means and standard errors for the growth 
parameters for the sandy loam, loamy sand and sandy clay loam, respectively. The 
growth parameters measured were the branch count, canopy dimensions (cm3), nodule 
dry weight (g) and nodule count. Dry root and shoot weight (g) across the three soil 
types and pH (CaCl2) levels are displayed in Figure 16. 
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In sandy loam soil, there were no significant difference in branch number, canopy 
volume, and nodule weight between the five soil pH treatments (Table 17). The log 
nodule count was significant with the pH treatment 6.1 containing a significantly lower 
log nodule count than the four other pH (CaCl2) treatments. Treatments 5.8 and 6.3 
contained the least amount of growth across the sandy loam treatments.  
Table 17: Mean and standard error of chickpea plant responses to soil pH in sandy loam. 
*Nodule weight (g) and count were transformed (log to the base of 10) with untransformed 
values displayed in brackets. Variables with no letters were not significantly different. Means 





5.2 5.4 5.5 5.8 6.3 
Branching 
Number  
Mean 4 3.3 4.2 4.1 4.1 
SE 0.471 0.260 0.533 0.314 0.504 
Canopy 
volume (cm3) 
Mean  258 302 258 242 254 



























SE  0.0586  0.0697  0.0504  0.0395  0.0604  
 Sig (P Value) 0.005     
 l.s.d. 0.1593     
The growth parameters for the loamy sand soil type that were significantly different 
across the five pH (CaCl2) treatments were nodule weight and count. Treatment pH 
(CaCl2) 5.1 being significantly lower than the other four treatments for both nodule 





Table 18: Mean and standard error of the collected variables from plants in loamy sand. 
*Nodule weight (g) and count were transformed (log to the base of 10) with untransformed 
values displayed in brackets. Variables with no letters were not significantly different.  
Variables pH (CaCl2) 
at sowing 
5.1 5.4 5.5 6.2 6.7 
Branching 
Number  
Mean 3.7 4.6 4.8 4 4.3 
SE 0.3 0.58 0.663 0.298 0.616 
Canopy 
volume (cm3) 
Mean  273 347 355 331 401 
SE 77.7 64.3 84.8 46.2 73.9 
Nodule (g)* Mean 0.00509 a 
(-2.423) 








SE 0.00130 0.01107 0.00645 0.00506 0.00454 
Sig (P value) < 0.001 
l.s.d. 0.3266     
Nodule 
Count* 










SE 0.0974  0.1  0.0714  0.109  0.11  
Sig (P value) < 0.001 
l.s.d. 0.2804 
Across the five pH (CaCl2) treatments within the sandy clay loam, none of the growth 









Table 19: Mean and standard error of the collected variables from plants in sandy clay loam 
*Nodule weight (g) and count were transformed (log to the base of 10) with untransformed 




5.7 5.8 5.9 6.6 7 
Branching 
Number  
Mean 4.6 4.3 4.1 4.8 3.7 
SE 0.945 0.448 0.752 0.727 0.496 
Canopy volume 
(cm3) 
Mean  362.74 434.21 423.9 328.82 252.46 
SE 75.419 57.517 142.775 55.725 38.165 
Nodule (g)* Mean 0.915 0.981 0.757 0.945 0.651 
-0.00202 -0.00095 -0.00056 -0.00103 -0.00017 
SE 0.107 0.0937 0.0955 0.0923 0.172 
Nodule Count* Mean -3.091 -3.637 -3.588 -3.53 -3.715 
-10.4 -10.1 -6.9 -9.1 -3.8 
SE 0.225 0.337 0.193 0.308 0.19 
 
Figure 16 displays the mean dry root and shoot weight across the five pH (CaCl2) 
treatments for each soil type. Across both the root and shoot weight graphs, loamy sand 
produced a larger weight in biomass in comparison to the loamy sand and the sandy 
clay loam. The biomass produced on the loamy sand and the sandy clay loam soil types. 
The root weights between the sandy loam and the sandy clay loam soil type had 
overlap. There was a small difference between the means for the dry shoot weights 
between the sandy loam and the sandy clay loam.  
The sandy loam and the sandy clay loam showed no difference within the dry root and 






Figure 16: The mean (± SE) for a) dry root and b) dry shoot weight (g) across the pH (CaCl2) 
ranges for each soil type.  
3.3.4. Root Scanning  
While the root scanning data cannot be compared between sites, they can be compared 
with in the sites (Figure 17 and Table 20).  
The mean root length (cm) was significantly different between the pH treatments for the 





































Sandy Loam Loamy Sand Sandy clay loam
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5.4 and 5.5 were significantly higher than the pH 6.3 treated soil. The root length of 
plants at soil pH 5.8 was not significantly different from any other pH treatment.  
Within the loamy sand soil, the root length of the plants was significantly different with 
pH treatment. (P = 0.005, l.s.d. 734.3). At the highest and lowest soil pH treatments of 
5.2 and 6.7 the root length of the chickpea was lower than pH treatments of 5.4 and 5.5. 
The root length of the chickpea at a soil pH of 6.2 did not differ significantly from all 
other soil pH treatments.   
When comparing the mean root length between the pH treatments within the sandy clay 
loam, the pH treatment was significant (P = 0.028, l.s.d. 409.2).  In the sandy clay loam 
soil, the pH treatment 5.7 had a significantly higher root length then pH treatments 5.8 
and 7.0. Interestingly, pH treatments 5.8 (780.62 cm) and 7.0 (499.51 cm) were not 
significant different from each other while also having a significantly decrease in root 
length from the other pH treatments.  
The root length of the plants in soil pH in the range 5.8 to 5.7 were not significantly 
different. The lowest soil pH of 5.7 had higher root length than plants grown at a pH of 




Figure 17: The mean root lengths (cm) (± SE) for each soil type (sandy loam, loamy sand and 


































sandy loam Loamy sand sandy clay loam
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Table 20: Mean and standard error of the collected variables from root scanning analysis in 
sandy loam, loamy sand and sandy clay loam. Means annotated with same letters indicate no 
significant difference.  
Sandy loam 
Variables pH (CaCl2) at 
sowing 




Mean 1234 b 1327 b 1243 b 1110 ab 955 a 
SE 76.4 48.5 43.4 82.6 144.0 
P-Value 0.053 
    
Lsd (P = 0.05) 255.9     
Loamy sand 
Variables pH (CaCl2) at 
sowing 




Mean 1361 a 2575 b 2485 b 2054 ab 1506 a 
SE 166.7 435.7 255.9 153.5 165.1 
P-Value  0.005 
    
Lsd (P = 0.05) 734.3     
Sandy clay loam 
Variables pH (CaCl2) at 
sowing 




Mean 1215 b 781 a 890 ab 858 ab 500 a 
SE 178.3 60.0 118.0 207.8 60.9 
P-Value  0.028 
    






3.3.5. Soil chemical data  
Table 21, Table 22 and Table 23 display the soil chemical data collected after harvest.  
Across the three soil types, the soil tests that were uniform across all the soil types were 
aluminium CaCl2, exchangeable Al, Mg, K, and Na, organic carbon, conductivity, and 
boron (CaCl2).   
Between the three soil types, the sandy clay loam contained higher quantities of 
phosphorus, potassium, sulphur, organic carbon, copper, iron, manganese, zinc, 
calcium, magnesium, and potassium. The sandy loam contained lower levels than the 
loamy sand and the sandy clay loam.  
The test results for the sandy loam soil type that were low were typically within the pH 
treatment of 5.5 and 5.8 (Table 21). For example, the K had a maximum value of 92 
mg/kg for the pH treatment 5.2, with the minimum value of 71 mg/kg within the pH 
(CaCl2) treatment of 5.8. The manganese and zinc levels across each pH treatment were 
low. There was no significant difference between the five pH (CaCl2) treatments within 











Table 21: Soil chemical data for each pH (CaCl2) treatment for the soil type, sandy loam 
collected during harvest. Methods for testing noted in Table 1. 
pH Treatment (CaCl2) Unit  5.2 5.4 5.5 5.8 6.3 
pH (CaCl2) 
 
5.6 5.5 5.7 5.7 6.6 
pH (H2O) 
 
6.2 6.3 6.4 6.6 7.2 
Aluminium CaCl2 mg/kg 0.31 0.23 < 0.20 < 0.20 < 0.20 
Exc. Aluminium meq/100g 0.120 0.140 0.170 0.210 0.130 
Organic Carbon % 0.75 0.79 0.77 0.84 0.64 
Conductivity dS/m 0.084 0.093 0.081 0.082 0.108 
Ammonium Nitrogen mg/kg 11 11 12 8 10 
Nitrate Nitrogen mg/kg 20 20 17 22 32 
Phosphorus Colwell mg/kg 83 70 69 68 72 
Potassium Colwell mg/kg 92 80 72 71 81 
Sulfur mg/kg 36.4 35.7 36.6 40.0 39.3 
DTPA Copper mg/kg 1.10 1.33 1.29 1.20 0.98 
DPTA Iron mg/kg 29.40 25.20 25.50 27.10 22.50 
DPTA Manganese mg/kg 0.68 0.78 0.63 0.66 0.56 
DTPA Zinc mg/kg 1.60 2.48 2.59 1.74 1.38 
Exc. Calcium meq/100g 2.39 2.21 2.30 2.79 3.74 
Exc. Magnesium meq/100g 0.35 0.31 0.31 0.34 0.31 
Exc. Potassium meq/100g 0.18 0.19 0.16 0.18 0.19 
Exc. Sodium meq/100g 0.11 0.11 0.10 0.11 0.09 
Boron Hot CaCl2 mg/kg 1.03 1.00 0.87 0.92 0.80 
The nitrogen nitrate content for pH (CaCl2) treatment 5.1 was larger than the other four 
treatments (Table 21). Across the soil tests, there is not much difference between the 
five pH (CaCl2) levels. The potassium Colwell test for the loamy sand showed a marked 
difference between the minimum and maximum amount. The pH (CaCl2) treatment 5.4 
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contained 128 mg Colwell K/kg while the pH (CaCl2) treatment 5.1 contained 247 mg 
K/kg.   
Table 22: Soil chemical data for each pH (CaCl2) treatment for the soil type, loamy sand 
collected during harvest. Methods for testing noted in Table 1.  
pH Treatment (CaCl2)  Unit 5.1 5.4 5.5 6.2 6.7 
pH (CaCl2) 
 
5.8 5.9 5.6 6.1 6.3 
pH (H2O) 
 
6.3 6.7 6.3 6.7 6.9 
Aluminium CaCl2 mg/kg < 0.20 < 0.20 0.20 < 0.20 < 0.20 
Exc. Aluminium meq/100g 0.080 0.140 0.080 0.070 0.060 
Organic Carbon % 0.28 0.34 0.34 0.32 0.34 
Conductivity dS/m 0.401 0.123 0.148 0.264 0.294 
Ammonium Nitrogen mg/kg 11 8 8 8 7 
Nitrate Nitrogen mg/kg 61 10 14 15 32 
Phosphorus Colwell mg/kg 157 89 107 109 136 
Potassium Colwell mg/kg 247 128 180 163 188 
Sulfur mg/kg 136.0 22.1 20.6 94.1 114.3 
DTPA Copper mg/kg 6.52 7.16 6.26 7.22 8.18 
DPTA Iron mg/kg 21.60 24.80 21.10 19.40 15.60 
DPTA Manganese mg/kg 15.26 3.97 5.61 3.38 4.96 
DTPA Zinc mg/kg 8.64 8.22 7.38 7.96 7.52 
Exc. Calcium meq/100g 1.71 1.41 1.48 1.70 2.55 
Exc. Magnesium meq/100g 0.61 0.33 0.22 0.48 0.51 
Exc. Potassium meq/100g 0.52 0.31 0.36 0.35 0.45 
Exc. Sodium meq/100g 0.86 0.33 0.37 0.52 0.75 
Boron Hot CaCl2 mg/kg 1.03 1.00 0.87 0.92 0.80 
The nitrate nitrogen levels are high (Table 23). Typically, test results across the five pH 
treatments, the pH treatment 7.0 typically had the higher test results. For example, the 
potassium and phosphorus Colwell tests were 264 and 731 mg/kg, respectively. While 
the minimum potassium and phosphorous Colwell tests were 204 and 663 mg/kg, 





Table 23: Soil chemical data for each pH (CaCl2) treatment for the soil type, Sandy clay loam 
collected during harvest. Methods for testing noted in Table 1. 
pH Treatment (CaCl2)  Unit 5.7 5.8 5.9 6.5 7.0 
pH (CaCl2) 
 
5.5 5.7 5.7 6.2 6.0 
pH (H2O) 
 
6.2 6.1 6.4 6.9 6.5 
Aluminium CaCl2 mg/kg < 0.20 < 0.20 < 0.20 < 0.20 < 0.20 
Exc. Aluminium meq/100g 0.080 0.100 0.110 0.070 0.060 
Organic Carbon % 0.72 0.66 0.69 0.74 0.68 
Conductivity dS/m 0.315 0.313 0.393 0.411 0.318 
Ammonium Nitrogen mg/kg 11 7 8 8 6 
Nitrate Nitrogen mg/kg 73 107 111 139 141 
Phosphorus Colwell mg/kg 245 204 257 209 264 
Potassium Colwell mg/kg 665 663 712 665 731 
Sulfur mg/kg 121.0 76.5 129.3 114.5 171.1 
DTPA Copper mg/kg 12.38 12.37 13.10 14.22 15.33 
DPTA Iron mg/kg 18.40 16.90 16.20 15.60 15.70 
DPTA Manganese mg/kg 30.37 27.45 32.38 22.81 24.60 
DTPA Zinc mg/kg 9.22 9.26 8.75 12.03 11.00 
Exc. Calcium meq/100g 4.04 4.59 5.11 5.76 6.25 
Exc. Magnesium meq/100g 2.14 1.85 2.32 2.01 2.34 
Exc. Potassium meq/100g 1.43 1.47 1.54 1.43 1.72 
Exc. Sodium meq/100g 0.53 0.53 0.57 0.46 0.57 













4.1. Field trial 
4.1.1. Chickpea growth in relation to current soil recommendations  
The recommended soil conditions to grow chickpea are a fine textured soil (for 
example, clays, loams and other well drained soils), with a soil pH (CaCl2) of > 5.5 
(Loss 1998; GRDC 2017b).  In the field experiment the surface soils (0-10 cm) of the 
three soil types (sandy loam, loamy sand and sandy clay loam) had pH (CaCl2) of 4.6, 
4.6, and 4.9, respectively and  the subsurface soil (10-20 cm)  pH (CaCl2) were 4.0, 5.6 
and 5.3. The 10 – 20 cm profile from the loamy sand had a soil pH (CaCl2) of 5.6 which 
was within the pH levels recommended for chickpea growth. Between the low surface 
pH and the low clay content, none of the three sites would be considered suitable for 
chickpea production based on the recommended soil characteristics for chickpea. When 
looking at soil texture alone, the sandy clay loam is the site with a recommended soil 
type.  
Another aspect to consider is that chickpea is a crop that is sensitive to aluminium and 
manganese toxicity (Ghasemi-Fasaei et al. 2005; Lambers et al. 2015; Jaiswal et al. 
2018). While the surface soil for the sandy loam and the sandy clay loam had low Al 
(CaCl2) contents of 2.14 and 0.81 mg/kg, the loamy sand contained a high level of 3.70 
mg of aluminium /kg (Hazelton and Murphy 2016). The subsurface in the loamy sand 
had an aluminium (CaCl2) content of 23.7 mg/kg. The impacts of aluminium toxicity 
are typically seen when the soil pH (CaCl2) is 5.0 or less (Moore et al. 2004). The low 
subsurface pH (CaCl2) coupled with the high aluminium content within the subsurface 
and the rapid draining of water within the soil are al potentially limiting growth factors 
on chickpea on the loamy sand soil type.   
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Manganese toxicity is also of concern when the soil is acidic. Typically, manganese 
becomes toxic when the soil pH (CaCl2) is <4.7 and the manganese content within the 
soil is > 65 mg/kg (Hazelton and Murphy 2016). The loamy sand contained 61.8 mg/kg 
of manganese in the subsurface. The manganese content within the loamy sand is close 
to the range where  we would expect manganese toxicity symptoms to occur however, 
with the current amounts of manganese and the pH (CaCl2) it did not cause any visible 
toxicity effects (Moore et al. 2004; Hazelton and Murphy 2016).  
4.1.2. Temperature and rainfall  
Chickpea requires between 300 to 500 mm of rain annually and a mean temperature of 
15 °C. Between the 12th of June and the 12th of December, the total rainfall received was 
135.8 mm while mean temperature was 15.3 °C. The maximum temperature 
experienced before maturity was 36 °C with the minimum temperature being -1.3 °C 
(Croser et al. 2003; Sita et al. 2017). While some day temperatures were outside of the 
recommended temperature range for chickpea the impact on growth and yield is 
uncertain as the temperatures did not exceed the recommended temperatures for 
excessive periods of time. 
Merredin received an annual rainfall of 218.4 mm, of that 209 mm was during the 
growing season which is typical for Merredin (BOM 2020). As chickpea requires a 
minimum of 300 mm and the Bureau of Meteorology recorded 218.4 mm, there is a 
potential for growth to be limited due to access to water (as discussed below).  
4.1.3. Soil texture  
As an increase in the clay content relates to a higher water holding capacity and plant 
available water (Hillel 2004b), the suggestion is that the sandy clay loam would store  
more water for plant growth than  the sandy loam and the loamy sand (French and 
Ewing 1989; French et al. 1992). As the loamy sand has a lower clay content than both 
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the sandy clay loam and the sandy loam, the loamy sand should drain readily in 
comparison. The soil volumetric data presented (Figure 3) is indicative of the different 
soil types. The sandy clay loam has a higher clay content than that of sandy loam and 
loamy sand. The sandy loam and loamy sand had a lower clay content as well as θv.  
This suggests that limited water is a constraint on both the sandy loam and the loamy 
sand soil in comparison to the sandy clay loam, with the growth of plants in the loamy 
sand being more constrained due to limited water in comparison to the sandy loam.  In 
the sandy clay loam the lowest soil water content was on the 14th of October at 20 cm 
depth (31.2 %) and the 23rd of October at 40 cm depth (32.9 %).  
The sandy loam had the lowest soil water content on the 10th and 12th of December at 
the 20cm (13 %) and 40 cm (12.3 %) depths, respectively. The loamy sand contained 
the lowest soil water content within the 20cm probe (10.5 %) on the 12th of October, 
with the 40cm probe dropping to 29.9 % on the 5th of December. The drop in soil water 
content across all three soil types, at both depths occurred either during (decrease in 
October) or after (decreasing in December) senescence occurred. When comparing the 
volumetric soil water content to the rainfall patterns, the overall pattern observed was 
that as the rainfall declined so too did the volumetric soil water content.  
The estimated field capacity (determined using the soil particle analysis) was similar to 
the field capacity determined for the glasshouse experiment. Using the soil particle 
analysis data, a wilting point estimate was determined (Saxton 1986; Saxton and Rawls 
2006). The soil θv at wilting point was higher in the sandy clay loam (13.0 %) than the 
loamy sand (8.2 %) and sandy loam (10.6 %).  The lowest soil θv recorded in the field 
sites was not below θv at estimated wilting point at any time, however in the sandy loam 
and the loamy sand the soil θv was low which would in turn restrict the amount of 
available water for plant growth (Saxton 1986; Saxton and Rawls 2006). As the sandy 
clay loam has a higher clay content, the θv at estimated wilting point and field capacity 
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(22.2 %) are higher than that of the loamy sand (16.3 %) and the sandy loam (20.2 %), 
however the PAW content of all these sites is approximately 7 to 8 %. The values of 
SWC in the field sites indicates that the chickpea plants had more water available in the 
sandy clay loam soil as the wilting point is approximately 13.0 % while volumetric soil 
water content remained above 31.2 %. In comparison to that, the sandy loam had an 
estimated wilting point of 10.6 % with the lowest volumetric soil water content 12.27 
%, indicating that the soil water content within the surface soil for the sandy loam soil 
was close to  the estimated wilting point for much of the growing season.  While there is 
still plant accessible water within the soil, it is limited and there is a potential for plant 
growth to be affected by limited water (Hillel 2004b).    
4.1.4. Emergence and harvest  
The recommended plant density for chickpea is 45 plants per m2, whilst 30 plants per 
m2 is described as a poor crop (Loss 1998). In the field trial, the maximum plant density 
at emergence was 31.9 plants per m2. This suggests that the emergence across all three 
soil types (sandy loam, loamy sand and sandy clay loam) as well as the cultivars 
(Ambar, Genesis 836, PBA HatTrick, Neelum, and PBA Striker) was below optimum. 
The yield potential estimate for poor crop establishment is 0.5 t/ha (Loss 1998).  
Based on the environmental conditions, soil chemical analysis and the rate of 
emergence, all three sites should have restricted yield, however, the sandy clay loam 
produced more yield than the mean yield for Western Australia in 2019.  In 2019, the 
mean yield of chickpea in Western Australia was 1.2 t/ha (ABARES 2019). Up to 1.8 
t/ha have been produced in Western Australia in previous years (Loss 1998). The 
differences in yield and plant growth between the sandy loam, loamy sand and the 
sandy clay loam can be attributed to the greater water availability at the sandy clay loam 
site. The increase in water availability would not hinder plant growth when total rainfall 
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was below average as in 2019, while the minimal available water at the sandy loam and 
loamy sand would hinder plant growth.   
Chickpea on the sandy clay loam produced 1.54 t/ha, which greatly exceeded the yield 
potential based on the number of plants per m2 which was 0.5 t/ha according to Loss 
(1998). Overall, the sandy clay loam site outperformed both the sandy loam and the 
loamy sand as well as the yield estimate for a poor plant density crop. The sandy loam 
produced 0.12 t/ha-1 with the loamy sand producing 0.61 t ha-1. The yield on the loamy 
sand is in line with the expected outcome of 0.5 t/ha for a poorly established chickpea 
crop (Loss 1998).  
The weight of roots and shoots from the field trial also indicate that growth was limited, 
with aluminium toxicity being an issue in the subsurface of the loamy sand. The main 
site of nutrients and water absorption within the roots is at the root apex (Singh and 
Raje 2011; Jaiswal et al. 2018). If the crop is affected by Al3+ the roots will be small 
and stubby, resulting in a small surface area. When the root mass is larger, there is a 
larger surface area for nutrient and water absorption. As the root mass was significantly 
larger across the sandy clay loam, this would suggest that there is a higher rate of 
absorption for both nutrients and water in comparison to the sandy loam and loamy 
sand.  
With an increase in root mass, nutrients and water absorption (Singh and Raje 2011; 
Jaiswal et al. 2018), should come an increase within the shoot biomass, including the 
pod and seed numbers and weight (Scott et al. 2008). This would also be dependent on 
any underlying nutrient deficiencies within the soil and by extension the crop (Broadley 
et al. 2012). The shoot, pod and seed biomass were significantly larger at the sandy clay 
loam, in comparison to the sandy loam and the loamy sand. This suggests that the 
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potential limiting growth factors did not limit or hinder growth at the sandy clay loam 
site but did in fact hinder growth across the sandy loam and loamy sand.    
Based on NDVI and FGGC %, the pattern in the rate of canopy development across all 
three soils types was PBA Striker > Ambar > Genesis 836 > PBA HatTrick, with 
Neelum taking the most time to develop its canopy. PBA Striker and Ambar also lost 
their leaf area earliest, with Neelum, PBA HatTrick and Genesis 836 following. The 
pattern of biomass accumulation and loss is unsurprising as PBA Striker and Ambar are 
cultivars that have early vigour, early flowering and early maturity characteristics 
(Australia 2012; Package 2013a). By contrast, PBA HatTrick, Genesis 836 and Neelum 
are cultivars that typically flower later and have mid-season maturity (Package 2009; 
Australia 2011; Package 2013b).  
4.1.5. Nodulation  
Nodulation is affected by the presence of acid soils (pH CaCl2 5.0 or less) (Howieson 
2004; Haskett et al. 2016; Wolde-meskel et al. 2018) as well as the presence of nitrogen 
within the soil. The lack of nodulation at the sandy loam site is unsurprising as the soil 
had a highly acidic subsurface pH (CaCl2) of 4.0, with the surface soil pH (CaCl2) being 
4.6. These pH levels have limited both root growth and nodulation. 
The early nodulation across the sandy clay loam site can be attributed to the lower 
nitrate nitrogen content within the surface and subsurface, 23 and 9 mg/kg, respectively. 
As Rhizobium fixes atmospheric nitrogen into NO3, an abundance of nitrate within the 
soil which is in a form that plants can utilise, results in Rhizobium not nodulating 
(Howieson 2004). When soil N levels are low, nodulation is encouraged in order to 
meet the nitrogen needs of the plant (Howieson 2004). The soil pH (CaCl2) for both the 




 The rate of nodulation within the loamy sand site was roughly double the number of 
nodules found at the sandy clay loam site. The subsurface at the loamy sand was 5.6 
(CaCl2) which is a pH level appropriate for nodulation. There was also a low nitrate 
nitrogen (8 mg/kg) content within the subsurface soil which would encourage a higher 
rate of nodulation. The surface soil (0-10 cm) had a pH of 4.6 (CaCl2) and a nitrate 
nitrogen content of 83 mg/kg. The lack of nodules at 129 das could be attributed to the 
soil chemical properties within the surface being unsuitable for nodulation to occur, 
while the subsurface soil chemical properties encouraged nodulation to occur 
(Hernandez and Hill 1983; Coba de la Peña and Pueyo 2011; Khaitov et al. 2016).  
4.1.6. Non-Destructive measurement tools  
Canopeo 
Canopeo is a free app used on a mobile device that calculates the percentage of green 
pixels within an image in relation to pixels that are not green (Patrignani and Ochsner 
2015). The Boolean images produced are a measure of crop health (Chung et al. 2017). 
Once a crop starts to senesce, the percentage of green pixels within the images will 
decrease. This can be seen within the data at 101 days after sowing which had the 
highest rate leaf greenness. At 115 days after sowing the decrease in the percentage of 
green pixels was noticeable. Canopeo is an easy app to use with the option to either take 
all the images beforehand and then analyse them or take an image and have the image 
analysed within the app either during measurement collection or post measurement.   
GreenSeeker 
The GreenSeeker is a handheld device used to measure the normalised difference 
vegetation index (NDVI) (Ali et al. 2020). In comparison to Canopeo, the Greenseeker 
is more expensive, but easier to use as no post measurement processing is required.  As 
with Canopeo, by maintaining the same height above the canopy to take a measurement, 
the same area can be measured across plots. The GreenSeeker is user friendly in that 
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there is a single button to press and producing a single number ranging between 0.00 
and 0.99 (Ali et al. 2020).  
Ceptometer  
In order to obtain accurate readings, the ceptometer should be utilised between 11 am 
and 2 pm (solar noon) on a cloudless day (Lake and Sadras 2017).  This limits the 
number of measurements that can be taken during the growing season as chickpea is 
grown during winter (Sita et al. 2017). The ceptometer measures the above canopy and 
below canopy photosynthetically active radiation (PAR) and then calculates the level of 
intermission between the two measurements. The ceptometer measurements on 66 days 
after sowing represented the early growth stage of chickpea and would be an indication 
of early vigour within the crop. The measurements at 129 days after sowing indicate 
whether or not mid-season maturity was occurring. hence neither of the measurements 
were taken during peak biomass accumulation.   
The pattern of growth within the leaf area index data from smallest leaf area index to 
largest leaf area index was Neelum, Ambar, PBA HatTrick, Genesis 836, with PBA 
Striker containing the largest leaf area index. As PBA Striker is a variety with early 
vigour, flowering and maturity, it is unsurprising that PBA Striker contained the highest 
rate of biomass accumulation (Australia 2012). Neelum, PBA HatTrick and Genesis 836 
are all varieties that mature mid-season. Unsurprisingly, these varieties had lower 
biomass accumulation. Ambar contained the second lowest rate of biomass 
accumulation measured. As Ambar is a variety with early vigour, flowering and 
maturity,  (Package 2013a).   
Comparison between Canopeo, GreenSeeker and Ceptometer 
The app (Canopeo) and devices (GreenSeeker and Ceptometer) are user friendly. While 
each method measures a different interaction, they are all a measurement related to 
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biomass accumulation. The catch with each of these measurements is that they will 
measure anything green (Canopeo), anything reflecting and absorbing NIR and red 
radiation (Greenseeker), and any plant or structure that interferes with the PAR 
measurements (Ceptometer). Any weeding or removal of any interfering structures 
should be done before taking measurements for each of these methods (Patrignani and 
Ochsner 2015).   
While the ceptometer, Greenseeker and Canopeo app are all relatively user friendly, the 
Canopeo app and GreenSeeker have a significant advantage over the ceptometer. They 
can be used at any time during the day, with varying conditions such as cloud cover 
(Patrignani and Ochsner 2015; Shepherd et al. 2018; Ali et al. 2020).  
4.2. Glasshouse  
The clay content differs among the three soil types utilised for both the field trial and 
the glasshouse experiment. As chickpea is recommended to be produced on sites with 
fine textured soils, the loamy sand with a low clay content (9.4 %) would be expected to 
have a reduced biomass accumulation, with the sandy clay loam (clay 19.7 %) 
producing more biomass than both the sandy loam and the loamy sand (French and 
Ewing 1989; French et al. 1992). However, whilst this pattern of biomass accumulation 
occurred in the field trial it did not occur in the glasshouse experiment. The sandy loam 
and loamy sand both produced the longest root lengths in pH treatment 5.4, with the 
shortest root systems within these soil types being in pH treatment 6.3 and 6.7. The 
sandy clay loam produced the longest root systems within the pH treatment 5.7, with the 
shortest root systems being found in pH treatment 7.0.  
 As chickpea is recommended to be produced on sites with fine textured soils, the loamy 
sand with a low clay content (9.4 %) would be expected to have a reduced biomass 
accumulation, with the sandy clay loam (19.7 %) producing more biomass than both the 
72 
 
sandy loam and the loamy sand (French and Ewing 1989; French et al. 1992). However, 
this pattern of biomass accumulation was not visible. The sandy loam and loamy sand 
both produced the longest root lengths in pH treatment 5.4, with the shortest root 
systems within these soil types being in pH treatment 6.3 and 6.7. The sandy clay loam 
produced the longest root systems within the pH treatment 5.7, with the shortest root 
systems being found in pH treatment 7.0.  
The recommendations for growing chickpea in Western Australia include growing 
chickpea in fine textured soils such as clays and loams. The pH recommendation states 
that the soil should have a pH (CaCl2) of 5.5 or more (Harries 2005; Choudhury and 
Sharma 2014; Chauhan et al. 2017; GRDC 2017b). The achieved soil pH (CaCl2) after 
adding calcium carbonate to amend the soil pH in the sandy loam were 5.2, 5.4, 5.5, 5.8, 
and 6.3. The loamy sand had treatments with pH 5.1, 5.4, 5.5, 6.2, and 6.7. The sandy 
clay loam had pH treatments 5.7, 5.8, 5.9, 6.5 and 7.0. Interestingly, the dry shoot, root 
and nodule weight, nodule counts, branching and dimensions did not have the expected 
pH response. The expected response on acidic soils (such as 5.2 and 5.4 – sandy loam, 
5.1 and 5.4 – loamy sand) is reduced biomass accumulation as well as reduced rates of 
nodulation as well as reduced nodule weights. However, this is not the pattern seen in 
the glasshouse experiment. he least amount of growth (e.g. root weight, root length) for 
the sandy loam occurred within the pH (CaCl2) treatments 5.8 and 6.3, and for the sandy 
clay loam was 7.0. The soil pH (CaCl2) post-harvest (39 DAS) for these treatments were 
5.7, 6.6, and 6.0 respectively. The pH for these treatments 39 DAS is within the 
suggested surface soil pH (CaCl2) for chickpea growth yet had the least amount of 
growth (Harries 2005). A legume pot trial conducted by Tang and Thomson (1996) 
found that there was no significant difference in the rate of nodulation between pH 
(CaCl2) treatments 5.2 and 6.3 for the chickpea pots.   
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The soil chemical data for the experiment suggests that manganese and aluminium 
toxicity was not an issue within this glasshouse experiment.   
Potential issues with the glasshouse experiment was the potential for root loss due to 
root washing as well as the rate of nodulation. The experiment ran for 5 weeks which 
runs the potential for the nodules to not be as established as they could have been if the 
experiment ran for an extra 14 to 21 days. This would allow for the nodules to have 
more time for growth. The larger size in nodules would make the removal and counting 














5. Conclusion  
In the field trial the plant biomass parameters root and shoot biomass, pod number and 
grain yields were all less in the loamy sand and sandy loam soils compared to the sandy 
clay loam.  
The low chickpea growth parameters for the loamy sand and sandy loam soils can be 
attributed, in part, to the low pH and Al concentrations (in surface and subsurface soil 
respectively) which are at levels that potentially limit chickpea growth due to Al 
toxicity. The low clay %, and high sand % in these sites indicates soils with higher 
drainage and lower water holding capacity which lowers the water available for the 
chickpea crop to utilise, limiting crop growth.  
The low pH and high Mn content of the sandy clay loam surface soil is just below the 
levels which may cause toxicity to plant growth, and in the growing season where soil 
water in the top 40 cm was adequate chickpea production was above average for the 
region.  This low pH and high Mn content in the subsoil is a concern as continuous 
cropping without amelioration for soil acidity may continue the decrease in pH whereby 
Mn toxicity may develop.  
Within the field experiment no cultivar had improved yields on any soil type, indicating 
no improved tolerance to low pH and toxicities of Al or Mn for the five cultivars grown.  
Whilst the cultivars did vary in phenotypic parameters of early vigour, time to flowering 
and growth duration (early and mid-duration) there was also no difference in yield 
parameters even though canopy development and senescence did vary between 
cultivars. 
The pH range in the glasshouse trial of all soil did not result in significant growth 
response in chickpea biomass.  Only in the loamy sand was there any indication of 
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decreased crop growth at the lowest pH of 5.1, with lower low nodule count and root 
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